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Abstract

Semiconductors plays a vital role in our modern digital world, with applications ranging
from microelectronics, electrocatalysis, biosensing to energy storage and conversion.
Silicon still reigns as the main material in the semiconductor industry, because of its
unique bulk and surface properties. The electrochemistry of silicon and its oxides has
been actively researched for several decades but merging the richness of the organic
chemistry world with the sturdiness and photoelectrochemistry of silicon is an area that
is still rich of unanswered questions. Merging semiconductor electrochemistry with
organic chemistry offers an avenue to expand the function of electronic and
electrochemical devices. To explore and understand these areas, surface scientists can
benefit from an expanding pool of reactions for the preparation of self-assembled
monolayers (SAMs) on silicon electrodes.

The chief purpose of this thesis is to investigate the thermodynamics and kinetics of
SAMs-modified silicon electrodes. The main analytical tools will be cyclic
voltammetry (CV), atomic force microscopy (AFM, including conductive AFM),
electrochemical impedance spectroscopy (EIS), alongside with surface-sensitive
techniques (such as XPS, macroscopic electrical measurements and contact angle). The
cornerstones include 1) photo effects, 2) facet-effects on surface conductivity and
reactivity, and 3) a study of the relationship between facet-dependent electrical
conductivity and charge transfer rates in monolayer-modified silicon crystals.

Chapter 2 explores photocurrent effects and revisits the origin of multiple non-ideal
voltammetric peaks often observed and generally explained as molecular disorder in
the adsorbate. This chapter concludes that heterogeneous photocurrents are a
semiconductor effect, not strictly disorder.

The electrical (conductive AFM) data of Chapter 2 prompted us to re-assess the origin
of another type of parasitic signal often encountered in silicon electrochemistry.
Towards this end, Chapter 3 uses electrochemical and AFM methods to assign a near-

ideal pair of CV waves often observed in the background of Si(111) electrodes. Data



presented in this chapter demonstrates that highly conductive Si(110) defects (the edges
Si(111) terraces) are, surprisingly, the site where the silica—silicon conversion becomes
electrochemically reversible at room temperature. Due to its insulating nature silica is
not reducible to silicon by electrochemical methods (not at room temperature). The
currently available electrochemical methods for silica reduction requires temperatures
as high as 850 °C in molten CaClz. Chapter 3 describes a nanoscale reversible reaction
at room temperature. Though it is not yet of any practical scale, it is still a key step
forwards in the space of silica reduction research, and more importantly, data of this
chapter redefine (restrict) the electrochemical potential window available for
electrochemistry of silicon in water. It is an important result in the context of facet-
resolved semiconductor electrochemistry.

The results of Chapter 3 led to the electrochemical kinetic studies of Chapter 4. The
chapter performs systematic electrochemical and electrical analysis of Si(111), Si(110),
and Si(211), and by constraining the surface coverage of redox probes to comparable
levels between those samples it attempts to remove the influence of surface density on
charge transfer rates. By measuring AFM I-V curves, this chapter unveils the
conductivity to drop in the order of Si(211), Si(110) and Si(111), but the same trend is
not followed by surface-confined (diffusionless) redox reactions occurring at a

monolayer distal end.
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Figure 1.3. Schematics illustrating the bend bending at an equilibrated interface between a n-type
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than it in the metal phase, the direction of net electron transfer (leading to equilibrium) is towards the
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function of the semiconductor is larger than that of the metal phase, the direction of electron transfer
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Figure 1.4. Depiction of band bending for a) n-type semiconductor, and b) for a p-type semiconductor,
before (left) and after (right) being brought in contact with a redox electrolyte solution. Equilibrium is
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Figure 1.5. Band diagram and the associated electric field in a a) n-type semiconductor and in a b) p-
type semiconductor upon illumination with light of energy greater than the band gap. The minority
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Figure 1.6. Schematic of relative crystal orientations on commercial wafer Si(111). A lapped Si(110)
edge marks an internal reference orientation, selected by the commercial wafer supplier. It often marks
the Si(110) facet, therefore cutting the Si(111) wafer on a direction perpendicular to this edge it will
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Figure 1.7. Schematic illustration for the hydrosilylation of the silicon wafer. Chemical scheme is
employed for showing the passivation of silicon [i.e., schematic representation of the different substrates,
Si(111), and a-Si] Assisted by UV irradiation, hydrosilylation of 1,8-nonadiyene (1) on Si—H generates
an alkyne modified substrate (S-1), which is then reacted with a redox head group (i.e.,
azidomethylferrocene (2) is representative here, but the reaction is amenable to many azides) through a
click reaction (copper-catalyzed azide—alkyne cycloaddition (CUAAC), generating a self-assembled
monolayer (S-2) in this example a redox-active sample for electrochemical research. Reprinted from the
study by Vogel et al ref.[82 Springer Nature.(2017) https://www.nature.com/articles/s41467-017-02091-
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Figure 1.8. a) Schematic demonstration of two domains of monolayers which are composed of Fc-
(CHy)12-SH and CH3(CH.)eSH. Part I denotes isolated Fc-(CH2)12-S—Au molecules and part Il denotes
cluster-formed Fc-(CH2)12S—Au molecules. b) Representative cyclic voltammograms of two components
monolayers formed containing different ratios of Fc-(CH2)1.-SH and CHs-(CHz)e-SH. CVs were
recorded versus Ag/AgCI as a reference electrode in HCIO4 (1.0 M aq) as electrolyte, and the scan rate
was 20 mV/s. Panels a) and b) are adapted from the study of Lee et al. ref %1 with permission from the

American Chemical Society, COPYright (2006). .........couiirriiiiiiiieieese et 21

Figure 1.9. In the upper row, a schematic demonstration of the SAMs of Fc-(CH2)»-S on Au, shows five
different electrochemical microenvironments. In the lower row, four distinguish CV peaks, related to
packing structures caused by different intermolecular interaction, are shown. Peak I' stands for
interactions between Fc and Au, peak | stands for Fc group exposing to electrolyte solution, peak Il
stands for fractionally concealed Fc units, peak 111 stands for buried Fc groups, and peak 1V stands for
disorder in the monolayer. Gold is denoted by pale yellow circle, sulfur is denoted by dark yellow circle,
and ferrocene is denoted by blue circle containing an orange sphere. The figure is reprinted from the

study of Nerngchamnong et al. ref %61 with permission from the American Chemical Society, copyright
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Figure 1.10. a) Molecule structure of Fc-(CH.)11-SH. b) Schematic illustration of structure alternating
between Fe/Fc* redox process, black circles represented sulfur by the and green circles represented the
electrolyte anions. ¢) Cyclic voltammograms of ferrocene-(CH>)11-thiol monolayer on Au(111) were
recorded vs Ag/AgCI as reference electrode, performed in NaClO,4 (0.1 M) as electrolytes, the scan rates
were 10 mV/s, 30 mV/s , and 50 mV/s (from inside to outside). Panels a), b), c) are adapted from the

study by Wong et al. ref 194 with permission from the American Chemical Society, copyright (2018). 24

Figure 1.11. Facet-dependent conductivity of silicon crystals. Current—potential (I-V) traces curves
and SEM images (insets) obtained with microscopic tungsten probes contacting adjacent but different
silicon crystal facets. (a) I-V curves recorded between two Si(111) facets, (b) between two Si(112) facets,
and (c) between Si(112) and Si(111). Adapted from the study by Tan et al.ll, copyright (2017), with
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Figure 1.12. Electrochemical signatures of reversible silica—silicon conversion on highly conductive
silicon facets. (@) AFM topography image of a Si(111) wafer. Data obtained ensuring a parallel
alignment between the original wafer major flat, indicating the [110] direction, and the x-direction of
the AFM raster scan. Steps between terraces, here roughly parallel to the sample major flat, are (110)
facets. The scale bar is 400 nm. (b) Schematics of a Pt—organic monolayer—Si junction in a C-AFM
measurement and the corresponding 1-V curves (average of 400 curves) for Si(111), Si(211) and Si(110)
samples. S-1 indicates the substrate is coated with a protective monolayer of 1,8-nonadiyne. (c)
Magnified view of the first three sequential cyclic voltammetry (CV) cycles (six segments) of freshly made
S-1 samples on Si(111). The bias was ramped from an initial —0.5 V to an anodic vertex of 1.0 V (0.1
VIs, aqueous 1.0 M HCIQy). (d) Hanging meniscus configuration designed to wet exclusively the Si(110)
facet, exposed by cleaving a Si(111) wafer along a direction parallel to the wafer’s lap. (ef) CVs of
anodically damaged monolayer-coated Si(111) and Si(110) electrodes (S-1, 0.1 V/s, aqueous 1.0 M
HCIO,). The surface coverage of the Si/SiOx signal observed on Si(110) is ~ 6.9 times larger than on
Si(111) while the measured (capacitance) area ratio between Si(111) and Si(110) is only 1.9. (a, c-f)
Adapted from the study by Zhang et al.[*®l, copyright (2021), with permission from the American

Chemical Society. (b) Adapted from the study by Zhang et al. 154, copyright (2021), with permission
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Figure 1.13. Electrical conductivity and electrochemical rates are not strictly related: lesson learnt from
imaging redox reactions. (a) Electrochemical image taken with a spatial light modulator (SLM)
addressing sequentially square sections (46 um pixels, 17 Hz) of a silicon photoanode coated with
different Cu,O crystals. Insets in (a) and the image in (b) are SEM data of the Cu,O electrocatalytic
“lines”” under investigation for their ability to promote the electro-oxidation of methanol. (c) A single
channel potentiostat synchronized with the SLM records a current—time trace as that in (c), and this
trace is then reconstructed to give the 2D redox map of (a). The time 0 s corresponds with the bottom-
left pixel of the electrochemical image in panel (a), and the time 59 s with the top-right pixel. The series
of “spikes” in the current transient data correspond to the time when the projected light passes over a
Cuz0 “line”. The alternate high and low intensity current “spikes” relates to different activities of cubic
vs.  polyhedral particles. Adapted from the study by Vogel et al. [%]
https://iopscience.iop.org/article/10.1149/2.0111804jes/meta, under the terms of the CC BY 4.0 license,
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Figure 1.14. Tuning surface energy with bias-dependent anisotropic adsorption of charged species:
scope in redox lithography. (a) SEM data showing the change of Cu,O crystal shapes for a constant
electrolysis potential but with changes to the bulk concentration of chloride ions. (b) Evolution of the
crystal shape in response to an increased anodic bias under a fixed chloride ions concentration. (c) Plots
of the “degree of cubicity” versus bias (or versus concentration, top x-axis) under constant illumination
based on a Langmuir isotherm (solid line). (d) SEM image of a “Mona Lisa” pattern made of Cuz0
nanocrystals. Using localized changed to light intensity (micrometer scale lateral resolution) two sets of
information can be encoded into the same unit area: control over the polyhedral shape of individual
nanocrystals and their lateral spacing, hence enabling to harness facet-dependent halide electro-
adsorption to hide cryptic polyhedral signatures. (a—c) Adapted from the study by Vogel et al.[*53
copyright 2018, with permission from the American Chemical Society. (d) Adapted from the study by

Vogel et al. %31 copyright 2018, with permission from Wiley-VCH.........cccccovvvevrevieeeveeeeeeeeeeeeeeens 35

Figure 1.15. Facet-dependent electro-grafting of organic films on textured silicon. (a) SEM image of

a Si(100) electrode exposing an array of Si(111) pyramids. (b) AFM image of a single Si(111) pyramid
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protruding from a Si(100) surface. (c) Electrochemical reduction wave for a CV recorded on the sample
whose SEM is presented in (a). The solution contained bis-diazo (1 mM o-dianisidine bis(diazotized)
zinc double salt, with 0.1 M BusNPFs in a 1:49 v/iv DMSO/ACN mixture) and the CV scan rate was 50
mV/s. (d) Facet-resolved electrochemistry on transparent electrodes. Cathodic electrografting of an aryl
diazonium salt (NBD, 2 mM in acetonitrile with 0.1 M [BusN]BF4) through a cyclic voltammetry
experiment (50 mV/s) on either f-Gax03(201) (red trace) or $-Ga,03(010) (blue trace). (a—c) Adapted
from the study by Peiris et al.,[”®! copyright (2019), with permission from the American Chemical Society.
(d) Adapted from the study by Carroll et al.,['"2 copyright (2021), with permission from the American
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Figure 2.1. a) Schematic representation of a heterogeneous (ordered/disordered regions) monolayer-
coated gold electrode, and (right) a typical cyclic voltammogram recorded on a single-crystal gold
electrode modified with a monolayer of 11-ferrocenyl-1-undecanethiol (Au(111); 100 mV/s, 1.0 M
HCIO4). b) Schematic depiction of a monolayer-coated silicon electrode, and near-ideal cyclic
voltammetry (right) acquired on a highly doped silicon electrode coated with a ferrocene monolayer
(0.007—0.013 Q cm, p-type, Si(111); 100 mV/s, 1.0 M HCIOA4). ¢) Schematic depiction of heterogeneous
photocurrents across a silicon photoanode (1.0 mW cm—2), and experimental evidence of peak-splitting
in cyclic voltammetry (right) using a lowly doped silicon photocathode coated with a ferrocene
monolayer (8-12 Q cm, n-type, Si(111); 100 mV/s, 1.0 M HCIO4). d) Chemical strategy used for the
passivation and derivatization of the hydrogen terminated silicon surface. The UV-assisted
hydrosilylation of 1 on Si—H generates an alkyne-terminated surface (M-1), which is subsequently

reacted with azidomethylferrocene (2) through a CuAAC reaction, yielding a redox-active monolayer

Figure 2.2. Doping level and type and ideality of the redox response. a) Representative and close-to-
ideal cyclic voltammogram (CV) recorded for a M-2 sample prepared on HD, p-type Si(111) (100 mV/s,
1.0 M HCIOq, dark, "= 1.64x 107* mol cm~2). b) Plot of current peak values (anodic waves) vs voltage
scan rate (the error bars indicate the 95% confidence interval of the mean). c) A representative CV for
a M-2 monolayer grafted on a Si(111), n-type, LD photoanode, showing an evident non-ideal peak

splitting (100 mV/s, 1.0 M HCIQ,, electrode illuminated at a light intensity of 1.0 mW m™2, I" = 1.95 x
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Figure 2.3. Peak multiplicity on Si(111) photoanodes: experiments and simulations. a) Progressive
disappearance with increasing light intensity of the peak multiplicity characteristic of voltammograms
recorded on silicon photoanodes. The electrodes are LD, n-type Si(111) crystals modified with a M-2
monolayer. The level of electrode illumination is specified by labels to the CV traces. The electrolyte was
1.0 M HCIQ,, and the scan rate 0.1 V/s. b) Simulation of the CV trace recorded at the lowest light
intensity, demonstrating that the key feature of the experimental data, a 188 mV peak-to-peak separation,
can be accounted for as surface domains with a 1,500 fold difference in photocurrent (larger
photocurrent for the blue dashed trace). The self-interaction parameter, G, necessary to reproduce the
experimental fwhm, is negative, indicating repulsive molecular interactions for ferrocenes in both
domains (—1.4, red trace; —0.6, blue trace). Best fit parameters are 10 s™* for the electron transfer rate

constant, 1 A for the dark leakage current, unity for the diode quality factor, and 0.5 for a............... 65

Figure 2.4. Lateral electrical heterogeneity. Current—potential (1-V) curves acquired by C-AFM on M-
1 samples (LD, n-type Si(111)) and measurement schematics of the platinum-monolayer-silicon junction.
The bias routing is from the substrate to the AFM tip, so that the reverse current (leakage) of the junction

appears in the positive quadrant (positive current, positive Dias)........cc.ceivererererievieninseeeeese e 67

Figure 3.1. Cyclic voltammograms of 1,8-nonadiyne-modified Si(111) electrodes. The electrode voltage
is ramped from an initial —0.5 V to an anodic vertex, set to either 0.0 V in (a), or to 1.0 V in (b). (c)
Color-coded magnified views of the first three sequential voltammetric cycles (six segments) shown in

(b). The voltage scan rate is 0.1 V/s, and the electrolyte is aqueous 1.0 M HCIO4.......c.cccovvvveverernnnnn. 80

Figure 3.2. XPS narrow scans of the Si 2p region acquired (a) before, and (b—f) after having deliberately
introduced an anodic damage to 1,8-nonadiyne-modified Si(111) n-type (7-13 ohm cm) electrodes. The
anodic process consisted in cyclically ramping the potential of the working silicon electrode from an
initial —0.5 V bias to an anodic vertex set to 1.0 V, and then back to —0.5 V (one cycle). Spectra in (b),
one cycle; (c), two cycles; (d), three cycles; (e) five cycles; and (f), 10 cycles). The electrolyte was
aqueous 1.0 M HCIO.. The black thick curves are the experimental XPS data (108-92 eV), while the four

thin traces (105-95 eV) are the fitted contributions ascribed to Si® & Si®, Si®, and elemental silicon
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(Si 2p1s2, and Si 2p2s3). The red trace is the sum of all refined peaks. The fraction of oxidized Si surface
atoms is estimated to be 0 (a), 13.75% (b), 15.44% (c), 23.21% (d), 40.35% (e), and 65.07% (f). The
distribution of silicon over its oxidation states is quite interesting, and for example as also observed by
Cerofolini and co-workers,?° there is absolute absence of Si® species and an anomalously high fraction
of Si®, It is therefore possible that the +0.95 eV (SiV) shoulder on the high binding energy side of the
main Si 2p peak also includes emissions from silicon bound to hydrogen.* The quality of the fitting was
improved by merging the Si® and Si® contributions into one single band of intermediate character

between +2.48 eV (Si®) and +3.90 BV (SI™)....coviuiiiieieceee s 81

Figure 3.3. (a,b) Atomic force microscopy height images of monolayer-coated Si(111) wafers.
Topography images were aquired paying attention to ensure a parallel alignment between the major flat,
indicating the [110] direction, and the x-direction of the AFM raster scan. Steps between terraces are
either roughly parallel to the sample major flat (a), or oriented 30<=away from it (b). Scale bars in (a)
and (b) are 400 and 220 nm, respectively. (c,d) Heat maps of current—potential (I-V) data for platinum—
silicon junctions acquired by conductive AFM on Si(111) and Si(110) surfaces. I-V curves are sampled
at 100 evenly spaced points and are recorded at a constant force of 2.5 PN with a 100 nA/V sensitivity.
The sample-to-tip bias routing is such that forward currents appear in the negative quadrant, that is,

when the n-type silicon is biased negative with respect to the platinum AFM tip......c.ccooiviininiincnns 82

Figure 3.4. (a) Cyclic voltammograms of Si(111) electrodes indicating an anodic shift with progressive
potential cycling (three cycles, black curves; 100 cycles, red curves) of the apparent formal potential of
the silica/silicon redox couple. The scan rate is 0.1 V/s, and the electrolyte is 1.0 M HCIO.. b) 1-V curves
(AFM) of platinum-silicon junctions recorded on anodically damaged Si(111) electrodes, showing a
significant increase in the leakage current (positive quadrant) compared to fresh samples (Figure 2c).
(c,d) Changes to surface topography before (c) and after (d) three potential sweeps between —0.5 V and

1.0V (0.1 VIs, 1.0 M HCIOu). Scale bars in (c) and (d) are I p ..........cccccvevicinoenioiniinsiensnenenns 84

Figure 3.5. (a,b) Cyclic voltammograms of anodically damaged Si(111) and Si(110). The surface
coverage of the redox background signal observed on Si(110) is 12.73 <102 mol cm2, which is 6.9
times larger than on Si(111). The geometric area ratio of the two electrodes is approximately 1.9 ((111)

to (110), estimated by capacitance measurements). Voltammograms were recorded at a scan rate of 0.1
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VIs, in aqueous 1.0 M HCIO,, after three potential sweeps (0.1 V/s) between —0.5 V and 1.0 V. (c) Optical
images of the hanging-meniscus configuration used to wet the (110) facet in a three-electrode experiment
used to record the voltammograms in (b). A graphical depiction of the (211) and (110) crystal directions

in commercial Si(111) wafer is in Figure B12 AppdendiX B. .........cccooiireiiiiieiiieneiene e 86

Figure 3.6. AFM topography images of Si(100) samples etched with ammonium fluoride to expose Si(111)

pyramids on the surface. Scale bars are 400 nm in (a), and 100 NM iN (D).....cccccvvriininininiiee, 87

Scheme 4.1. Passivation of hydrogen-terminated silicon electrodes on Si(111), Si(211), and Si(110),
followed by UV-assisted hydrosilylation of 1,8-nonadiyne (1) to yield an alkyne-terminates silicon
surface (S-1), and its reaction with azidomethylferrocene (2) via CudAC “click” reactions generated a

redoX-active MONOIAYET (S-2). ....c.i ittt 95

Figure 4.1. Representative cyclic voltammograms (CVs) for ferrocene monolayers (S-2) prepared on
silicon substrates of different crystalline orientation [(a), Si(111); (b), Si(211); (c), Si(110)]. The
potential sweep was started at 0 V (cathodic vertex). The voltage scan rate was 0.1 V/s, and the
electrolyte was aqueous 1.0 M HCIO4. (d) CV-derived surface ferrocene coverage (I) for S-2 samples
prepared on Si(111), Si(211) and Si(110) electrodes. Error bars indicate the 99% confidence limit of the

41T =1 o TN 98

Figure 4.2. XRD patterns for Si(111), Si(110) and Si(211) substrates. Samples exposing a Si—Hy surface
after NH4F etching and stored in dichloromethane prior to XRD measurements. Note: The Si(111)-H
surface is known to be a close to ideal, Si-monohydride terminated surface. However, even this near-
ideal surface has dihydride edge sites. At present the average number of hydride terminations on NH4F

etched Si(211) and Si(110) S UNKNMOWNN. ......c.eiuiiiiiiiirie sttt st sbe e nn b e 99

Figure 4.3. Measurement schematic and current-potential (I-V) data for platinum-silicon junctions
obtained by conductive mode (PF-TUNA) atomic force microscopy (AFM) on monolayer-modified (S-1)
Si(111) (a), Si(211) (b), and Si(110) (c). Solid symbols indicate the mean value of 400 |-V sweeps
obtained on four independently prepared and analyzed samples. The color-shaded areas represent the

(o o e Y =100 = Lo I (=Y F= 1 o PR 102
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Figure 4.4. Representative EIS Bode plots for S-2 samples prepared on silicon crystals of different
orientation ((a), Si(111); (b), Si(211); (c) Si(110)). The DC bias of the EIS measurement was set to the
E1» value obtained from CV measurements, and the amplitude of the AC perturbation was set to 15 mV.

All experiments were performed in aqueous 1.0 M HCIO.. (d) Plot of the EIS-derived ket values......104

Figure Al. Representative CVs of a monolayer-modified gold electrode (11-ferrocenyl-1-undecanethiol
monolayers self-assembled on Au(111)). The voltage sweep rate was changed between 100 and 2000 mV
s~! and the data acquired in 1.0 M HCIQ,, either under dark or under electrode illumination (solid line,
dark; state, red empty symbols, light). Electrode illumination had no effect on the CV traces. (100 mV
s71, dark coverage = 5.22 x 107 mol cm~2, coverage under light = 5.17 < 107 mol cm~2; b) 250 mV
s%, dark coverage = 5.19 % 1071 mol cm™2, coverage under light = 5.22 x 102 mol cm?; ¢) 500 mV
st, dark coverage = 5.22 % 1071 mol cm~2, coverage under light = 5.17 % 107 mol cm~2; d) 750 mV
s%, dark coverage = 5.06 < 10° mol cm2, coverage under light =5.08 < 1071° mol cm?; e) 1000 mV
st, dark coverage = 5.12x107%° mol cm™2, v 5.11x107° mol cm~2; f) 2000 mV s, dark coverage =

4.99%107%9 mol cm™2, coverage under light = 4.97>1072° Mol CM™2)...c.ccovvviviiiiieeecee e 119

Figure A2. Representative CVs of M-2 samples prepared on either (a) HD p-type Si(111), dark, and
indicating a ferrocene coverage of 1.94 £0.26 < 10 mol cm~2, (b) LD n-type Si(111) under light
intensity 24.1 mW cm™2, with a coverage of 1.99 +0.84 x 1071 mol cm2, and (c) LD n-type Si(100)
under light intensity 24.1 W cm~2, showing a coverage of 1.44 £0.23 x 10 mol cm~2. The electrolyte was

aqueous 1.0 M HCIO4 and the scan rate 100 MV S™L ..o 120

Figure A3. Representative CVs of M-2 monolayers prepared on HD p-type Si(111) recorded under
different light intensity (indicated in figure). The electrolyte was aqueous 1.0 M HCIO, and the scan rate

L00 MV ST ettt ettt ettt ettt ettt et e ettt ettt et e et e et ettt et et e et e et e n e et et et et eateneaaes 121

Figure A4. Representative CVs of M-2 samples prepared HD p-type Si(111) under dark at different
voltage scan rate (50 mV s7%, 100 mV s7%, 250 mV s7%, 500 mV s7%, 750 mV s, 1.0 Vs? 20V s 5.0

Vs, 7.5Vs™ 10.0 Vst The electrolyte was aqueous 1.0 M HCIOu4. ........c.cceueiieiviieieieieeeeveinns 121

Figure A5. Representative CV of a M-2 sample prepared on LD n-type Si(111) and recorded under dark.

The electrolyte was aqueous 1.0 M HCIO4 and the scan rate 100 mV s 2 ..o 122
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Figure A6. a) In n-type electrodes, at potentials more positive than EFB, the Fermi level is lowered (i.e.
further away from the zero AVS) and electrons are forced away from the space charge region and leave
behind ionized positively charged donor centers. In depletion, and under illumination, holes generated
in the valence band will migrate toward the interface under an electric field pointing outward (i.e. bands
pointing upward) where this vacant state at the top of the valence band will consume available electrons.
Depleted n-type electrodes under illumination can therefore act as photoanodes. In summary, the
blocking effect of depleted dark silicon electrodes is efficiently reversed upon illumination with light of
a frequency greater than 2.7 x 10 Hz provided that inversion is not reached and electron-hole
recombination events are minimized. Generated electron—hole (e-/ h+ ) pairs at depleted n- electrodes
under illumination. Minority charge carriers migrate under the space-charge region electric field toward
the electrolyte and participate in redox reactions (i.e. photooxidations at n-type electrodes). Since
valence band holes mediate the oxidation of surface species, the potential at which the rate of change of
surface concentrations peaks (i.e. a peak in the CV of non-diffusive species) is less positive (i.e. closer
to the zero of the AVS scale), or in other words contra-thermodynamic relative to the situation in a metal
electrode. The situation of a metal electrode is depicted in b). Here The applied potential lifting or
lowering EF above or below Eeq corresponds to electro-reduction (a) and electro-oxidation (b). c)The

effect of increasing the light intensity is that of flattening the bands (i.e. shifting upward the Eg) ...... 123

Figure A7 . Representative CVs of M-2 samples prepared LD n-type Si(111) recorded under light
intensity of 1.0 mW cm2 by varying the voltage scan rate (0.1, 0.2, 0.5 and 1.0 V/s;I'= 2.34 % 10" mol

cm~2). The electrolyte was aqueous 1.0 M HCIO 4. .......ccovviiriuieiniiisiieeecse s 124

Figure A8. Electrochemical impedance spectroscopy (EIS) data for M-2 monolayers (n-type, Si(111)
dark) acquired between 10° Hz and 1 Hz, at an applied working electrode DC potential of 0.0 V versus

Ag/AgCI and with an AC perturbation 0f 15 MV. ..o e 124

Figure A9. Representative CV of M-2 sample prepared by LD n-type Si(111) photoanodes under light
intensity 1.0 mW c¢m2 in aqueous 1.0 M HCIO.. The scan rate is 0.1 V/s, and the ferrocene coverage (T)

is 1.07 %1072 mol cm2.Click reaction qunched after 5 mMin..........ccccceveveviveveieeeecceeee e 125

Figure A10. Deconvolution of the anodic peaks from representative CVs of M-2 monolayers prepared

XXiii



on n-type LD, Si(111), recorded under variable light intensity. a) 1.0 mW cm™2, cumulative coverage
2.40 % 107 mol cm~2, fwhm of peak 1 = 122.2 mV, fwhm peak 2 =161.7 mV; b)2.9 mW cm~2, cumulative
coverage 2.43 % 107 mol cm™2, fwhm of peak 1 = 99.7 mV, fwhm peak 2 = 152.2 mV; c) 4.7 mW cm2,
cumulative coverage 2.45 < 1071 mol cm?, fwhm of peak 1 = 97.8 mV, fwhm peak 2 = 130.3 mV. Curve

refinement was done using the bi-Gaussian peak function in Origin 9. ... 126

Figure Al11. Simulation of the CV trace recorded at the lowest light intensity, demonstrating that the key
feature of the experimental data, a ~190 mV peak-to-peak separation, can be accounted for as surface
domains with a 1,000 fold difference in the dark leakage current (1.0 < 10-° A for the blue dashed trace,
1.1 < 107 A for the red dashed trace). The self-interaction parameter, G, necessary to reproduce the
experimental fwhm, is negative, indicating repulsive molecular interactions for ferrocenes in both
domains (—1.4, red trace; —0.6, blue trace). Best fit parameters are 10 s™* for the electron transfer rate

constant, 750 uA for photocurrent (both peaks), unity for the diode quality factor, and 0.5 for o....... 127

Figure A12. Representative AFM of current map at 0 V. The sampling area was of 2 %2 um?. Individual

I-V traces (from —2.0 V to +2.0 V) were collected in the center of each square shown in figure........ 128

Figure A13. EIS Mott-Schottky (M—-S) measurement of capacitance vs sample bias for M-2 samples
prepared on LD n-type Si(111). The experiments were run in dark, with the AC frequency set to 40,000

Hz, the AC bias amplitude to 15 mV. The electrolyte was 1.0 M aqueous HCIOx.........cccccevveeienennnne 128

Figure B1. Representative cyclic voltammograms recorded on anodically damaged monolayer-coated
Si(111) samples of different doping level and type ((a), n-type, highly doped Si(111), 0.007-0.013 Q cm;
(b) Si(111), highly doped p-type Si(111), 0.007-0.013 Q cm; (c) Si(111), lowly doped p-type Si(111), 8-
12 Q cm). The electrode voltage was first ramped three times from an initial bias of —0.5 V to an anodic
vertex set to 1.0 V, and then back to —0.5 V (not shown). Cyclic voltammograms shown in figure were
then sampled, after this oxidative procedure, between —0.4 V and 0.2 V. Scan rates were set to 0.1 V/s,

and all experiments were performed in aqueous 1.0 M HCIO4 as the supporting electrolyte.............. 130

Figure B2. Representative consecutive cyclic voltammograms (ten cycles, scan rate 0.1 V/s) acquired
on Si(111) electrodes previously subject to an electrochemical anodic damaging process. The electrode

anodic damage was introduced by means of ramping the potential of the working silicon electrode from
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an initial —0.5 V bias, to an anodic vertex set to 1.0 V (3 cycles). The electrolyte was aqueous 1.0 M
HCIO,. The surface coverage, estimated by integration of the first circle, was 2.50 % 1072 mol cm™2,
From the second cycle onwards, the coverage remained approximately stable, changing from 2.33 x

10722 mol cm~2 (second cycle), to 2.27>10-*2 mol cm~2 (10™ cycle, equivalent to a drop smaller than

Figure B3. Stereographic projection of a Si(111) wafer. This is a graphical representation of crystal
planes (3D features) in a 2D plane. The center of the circle indicates the direction of the (111), here
meaning that sections parallel to the wafer will be (111) planes. The supplier marked a major lap to
indicate the <110> direction. The stereographic projection depicts the angular relationships between
crystal faces (defines the relative ¢ and p angles) and indicates that the terraces visible in the AFM
images of Si(111), assuming they are normal to the wafer surface, are roughly either Si(110) or Si(211)

L= (=] C TR 132

Figure B4. Estimation of the area ratio between Si(110) steps and Si(111) terraces. a) AFM topography
image of a Si(111) sample showing a terraced structure. b—d) are height profiles measured along the
three sampling lines (x, y and z) marked in panel (a). The three lines are drawn along a direction
orthogonal to the terraces main direction, which by considering the major lap of the wafer indicates the
surface of the steps is mainly Si(110). Quantitatively, data in b), pertinent to the line x drawn in (a)
suggest a Si(111)/Si(11) area ratio of 0.18%, data in (c), pertinent to the line y in (a) suggest a 0.20%

value, and data in (d), pertinent to line z indicate a 0.25% ratio. ..........ccoceeeeieienene s 133

Figure B5. Current output from (Pt-Si) contacts made by conductive AFM on lowly doped (7—13 Q cm)
CZ n-type Si(111). a) Representative (ca. 100) current—potential (I-V) curves acquired on oxide-free
Si(111) sample coated with a monolayer of 1,8-nonadiyne. b) Average of the individual traces shown in

L= U] I ) OSSO P URUROUORRPPRN 134

Figure B6. Current output from (Pt-Si) contacts made by conductive AFM on lowly doped (7—13 Q cm)
CZ n-type Si(110). a) Representative (ca. 100) current—potential (I-V) curves acquired on oxide-free
Si(110) sample coated with a monolayer of 1,8-nonadiyne The Si(110) surface was first exposed by

cutting a Si(111) wafer along a direction parallel to the lapped edge exposing the (110) plane, as marked
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on commercial Si(111) wafers purchased from Siltronix. The sample was coated with a monolayer of

1,8-nonadiyne. Individual traces are in (a), and their average 1-V values are in (0). ......c.ccccovverenae 135

Figure B7. Cyclic voltammograms acquired on monolayer-coated Si(111) electrodes in different
electrolyte systems. Data in figure show that for the entire range of electrolytes tested — from strongly
coordinating sodium chloride to non-coordinating sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (NaBARF) — silicon anodic damage invariably leads to the
appearance of the two redox waves centred at ca. —0.1 V, with no evidence of effects linked to the nature
of the electrolyte anion. Experiments shown in figure were performed after having deliberately
introduced an anodic damage to the electrode by means of ramping the voltage between —0.5V and 1.0
V for three consecutive cycles. The electrolytic systems (electrolyte/solvent) are: a) 1.0 M NaCl/water,
surface coverage 2.26 < 107*2 mol cm™2; b) 1.0 M TBABr/water, 1.22 x 1072 mol cm™?; ¢) 1.0 M
NaClO,/water, 2.87 < 10712 mol cm~?; d) 0.25 M TBACIO./acetonitrile, 4.60 % 107 mol cm~2; and e)

0.01 M NaBARF/isopropanol, 8.64 > 1073 mol cm™2. All scan rates were set t0 0.1 V/s. .................. 136

Figure B8. a) One hundred current—potential (I-V) curves (conductive AFM) acquired on anodically
damaged Si(111) sample. The anodic process consisted of three cyclic voltammetry cycles between —0.5
Vand 1.0 V in aqueous 1.0 M HCIO,4 and at a scan rate of 0.1V/s. b) Average of the traces shown in
panel (a). The sample was monolayer-coated (1,8-nonadiyne) poorly doped (7—13 Q c¢m) CZ n-type

STLLL) WATET. .ottt bbbt bbbttt b bbb bt 137

Figure B9. AFM topography images of an anodically damaged Si(111) sample. The sample was coated
with a monolayer of 1,8-nonadiyne and then ramped between —0.5 V to 1.0 V (100 cycles, 1.0 M HCIQy,

scan rate 0.1 V/s). Scale bars are 2um in (a) and 400 NM N (D). ..ccoveriiiiinii e 138

Figure B10. Representative cyclic voltammograms for anodically damaged Si(111) electrodes under
acidic conditions. The electrolyte varied between a) 1.0 M HCIO4, b) 0.1 M HCIO4, and c) 0.01 M
HCIO4.The scan rate is 0.1 V/s. Data shown in figures are recorded after having deliberately introduced
an anodic damage to the electrode by means of ramping the voltage between —0.5 V and 1.0 V for three

consecutive cycles. All electrodes were initially monolayer coated. ..........ccocevevviiiiienivincciercnenee 139

Figure B11. Cyclic voltammetry data of glassy carbon (a) and amorphous silicon electrodes (b). Both
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samples were analyzed after performing three voltammetric scans between —0.5 V and 1.0 V at the sweep

rate Of 0.1V/S N 1.0 M HCIO 4. .uveviiieiiie ettt ettt ettt et e e et e e e st e e e s st e e e s s ebtaeesanees 140

Figure B12. Schematic depiction of the Si(110) lap in a commercial Si(111) wafer.........cccccoevennene. 141

Figure C1. a) Stereographic projection of silicon representing the crystallographic orientation
relationship of Si(111), Si(211), and Si(110) surfaces. These projections illustrate the relative orientation
of crystal planes (a 3D feature) on a 2D plane. b) Schematic depiction of cutting directions that could
be used to expose Si(110) and Si(211) facets starting from a commercial Si(111) wafer. For instance, a
lapped edge in a commercial Si(111) wafer often marks the (110) surface. and can be used to perform
surface chemistry and electrochemistry on this facet. Alternatively, cleaving the Si(111) wafer along a

direction normal to the lapped edge will expose the Si(211) SUFaCE. ......ccovvviririiricireeees 143

Figure C2. XPS narrow scans of the Si 2p and C 1s regions for 1,8-nonadiyne-modified samples
prepared on either: Si(211), (a-b); Si(110), (c-d), and Si(111), (e-f). The substrate was p-type of 0.007—
0.013 ohm cm resistivity. The black thick lines are the experimental XPS data (108-92 eV for Si 2p, and
294-279 eV for C 1s), while thinner black traces indicate the fitted contributions ascribed to Si 2p3/2 at
99.5 eV (0.6 eV fwhm), Si 2p1/2 at 100.1 eV (0.6 eV fwhm)[, Si-bound to hydrogen (Si-H) at 100.75 eV
(0.9 eV fwhm)[, methylene carbons (C-C) at 285.0 eV (1.4 eV fwhm), silicon-bound olefinic carbons
(Si-C=C) at 283.6 eV (0.9 eV fwhm), and oxygen bond carbon (C-O) at 286.3 eV (1.4 eV fwhm)El, The
structure of the adventitious C-O bond is not fully elucidated, although the contamination has been

reported in SEVEral WOIKS. 4Bl . ...t 144

Figure C3. Equivalent electrical circuit used to fit the electrochemical impedance spectroscopy data. Rs
stands for solution resistance, R for charge transfer resistance, Cq for double layer capacitance, and

Cags for adsorption pseudo-CaPACItANCE. .......couevviiererireeeeee ettt enaeseeneeneeneeas 145

Figure C4. Atomic force microscopy topography (height sensor) data for 1,8-nonadiyne coated Si(111),

Si(211), and Si(110), a—c respectively. All scale bars are 400 NM. ........cccoovevrererenierieseseee e 146
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Chapter 1. Thesis outline and general
Introduction

1.1 Preface

This thesis deals with electrochemistry and electrical conductivity of a semiconductor
substrate that is modified with an organic monolayer. Electrochemistry is the branch of
chemistry that studies chemical reactions coupled to the flow of electricity, and more
specifically, its general objective is that to predict, explain and ultimately to manipulate
the thermodynamics and kinetics of chemical changes at an electrode interface. The
electrode substrate employed in this thesis is silicon, which is the dominant material of
our modern digital world. Modification of the silicon surface leads to substrates with
potential applications in telecommunications, microelectronics, photovoltaics, energy
storage and biosensing. With these applications in mind, a complete and correct
understanding of surface conductivity, charge transfer rate and thermodynamics, and
photocurrent effects are crucial. All these are surface-dominated phenomena, and
therefore to investigate the above mentioned topics, surface scientists have often
resorted to engineering the silicon surface with self-assembled monolayers. The
monolayers strategy expands the functionalization of the surface electronic property
and energy level in the intrinsic silicon. Recently, researchers have discovered that the
energy level and conductivity on silicon are dramatically facets-dependent.t these
recent observations suggest that the electrochemistry of silicon wafers, which to date
have always almost exclusively been performed on Si(111) or Si(100), can be
complicated (or benefit) by other crystal facets inevitably present on a nominal single

crystal silicon substrate.

1.2 Thesis outline

This thesis is organized as follow.
Chapter 1 begins by introducing a general background on semiconductors and silicon.

The first sections will illustrate the basic principles of silicon electronics and
1



electrochemistry, and the important concepts required for studying the electrochemical
and reactivity features of silicon crystals at the core of this dissertation. These includes,
but are not limited to, the doping of silicon, the energy bands at a silicon—electrolyte
interface, the energy level distribution, the band bending and the photo effects of a
depleted interface, their impact on the charge transfer behavior across the space charge
layer. Electrochemical methods for the reduction of silica to silicon, and the facet
characterization of silicon wafers are introduced in the following section. As a main
part of this thesis, a discussion on self-assembled monolayers is also presented. In
addition, the main background knowledge of the experimental methods and
instrumentation for electrochemical measurements is also introduced here. The last
section of Chapter 1 is the paper published in Curr Opin Electrochem. 2022, 101085,
a review article focusing on facet resolved electrochemistry on semiconductors.

Chapter 2 is adapted from the paper published in Langmuir 2022, 38, 743—750. This
paper explores the nature of non-ideal multiple peaks in cyclic voltammetry of silicon.
Peak multiplicity in experimental voltammetry of surface-confined (diffusionless)
systems is generally attributed to molecular disorder. This paper shows that this is not
always the case. This is important as chemists and surface scientists routinely turn to
dynamic electrochemical measurements of molecular films — primarily through cyclic
voltammetry (CV) —to probe charge transfer kinetics and redox equilibria at interfaces.
But while for platinum, gold and carbon it is generally agreed that the splitting of CV
waves is “diagnostic” of disorder in the molecular film, herein this chapter demonstrate,
unambiguously, that such inference can be grossly erroneous for semiconducting
electrodes. With semiconductor electrodes this non-ideal voltammetric signature is not
indicative of molecular disorder. Through conductive AFM and a suite of
electrochemical techniques, this chapter indicates how to systematically reproduce and
magnify non-ideal peak splitting in silicon. It demonstrates that this signal is the
manifestation of heterogeneous photocurrents and not caused by heterogeneous
molecular interactions (i.e., disorder). The results of this chapter are an essential step

towards understanding the reason of non-ideal electrochemical features in



semiconductor electrochemistry, as a result that those signals can be avoided, and the
redox behavior of self-assembled monolayers to be employed as photocatalytic systems
can be improved. The work extends the understanding of the links between
electrochemical and electrical features of interfaces.

Chapter 3 is adapted from the paper published in J. Am. Chem. Soc. 2021, 143,
1267—1272. This study has observed and explained the reversible electrochemical
conversion of silicon to silica at room temperature. This discovery contributes to the
electrochemistry and surface chemistry knowledge of silicon and ultimately it redefines
the potential range which is free from parasitic redox peaks, and which is consequently
accessible to investigate silicon surface reactions via electroanalytical methods. This is
important because whilst for metal and carbon electrodes most adventitious
electrochemical signals have been identified and explained, parasitic signals
encountered when using silicon electrodes are still controversial (but most often in fact
ignored). For example, several published papers focusing on the surface chemistry of
silicon substrates carries explicit evidence of adventitious redox peaks. These peaks are
generally either disregarded as artifacts, or more often associated with adsorption some
target molecules, hence erroneously used to make inferences on the outcome of a range
of surface reactions. The results of this chapter define how to systematically repeat and
magnify a commonly observed parasitic signal. The data in the chapter bring evidence
of this signal being the reversible electrochemical redox conversion of silicon to silica,
which occurs at the edge of crystalline terraces — ubiquitous crystal defects that are very
conductive and always present, even on nominally single crystal substrates.

Chapter 4 includes work published in J. Phys. Chem. C 2021, 125, 18197-18203.
Electrode kinetics is dictated by surface properties of the electrode, such as bond
lengths, geometries and band structure, but the search for the optimal electrode material
remains by large a semi-empirical and time-consuming screening process, often
progressing through trials and errors. Recent research has that discussed in Chapter 1
that for several technologically relevant electrode materials, such as silicon, Cu20 and

PbS, there is a prominent facet-dependent electrical conductivity. This chapter



demonstrate that despite evidence of a prominent facet-dependent electrical
conductivity, as inferred by conductive atomic force microscopy, rates of redox
reactions occurring on different facets of silicon surface remains indistinguishable.
Using covalent Si—C-bound organic monolayers — both to protect the substrate from
anodic decomposition as well as to tether a conventional redox probe, ferrocene — the
research presented in this chapter demonstrate that conductivity decrease drastically in
the order Si(211) > Si(110) > Si(111). Electrochemical rates inferred by
electrochemical impedance spectroscopy point out however that there is no relationship
between redox kinetics and surface conductivity.

Chapter 5 & Chapter 6 present the conclusions of the whole dissertation and introduce
the perspective and outlook of facet-resolved electrochemistry future research,
specifically towards electrostatic catalysis. Catalysis is the capability to speed up or
control the rate of reactions using chemical entities that are not consumed in the process.
This is one of the utmost effective fields of chemical industrial and science. Lack of a
viable catalyst causes many reactions not to proceed at an appreciable rate. In 2016
scientists had demonstrated that an external and directional electric field can accelerate
the rate of a chemical (non-redox) reaction.[ The external electric field can stabilize
charge-separated contributors of the transition states, effectively acting as a non-
chemical entity catalyst. In chapter 6 | will discuss facet resolved electrochemistry
methodology combining with electric field stimulation to study and potentially
accelerate (and perhaps control selectivity) of electrostatics catalysis to a chemical
reaction, potentially to remodel catalysis by eliminating today’s viewpoint that the

specific chemical entity is suitable for specific chemical process.

1.3 Background on silicon electronics and

electrochemistry

Silicon, whose abundance in the earth’s crust is only second to oxygen, still reigns as
the key material of our modern digitized society, largely owning to its unique bandgap

(matching the solar spectrum), surface crystalline structure, electrical conductivity,
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photoresponsivity, and stability.%! These features render it being the platform for the

microelectronics and semiconductor industries. Pure silicon is almost an insulator, and
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Figure 1.1. Schematic illustration of the energy band diagram in an intrinsic
semiconductor (without doping). Ec represents the conduction band edge, which is
the lowest unoccupied band, and Ev represents the valence band edge, which is the
highest occupied band, the Fermi level (EF) is in the middle of Ec and Ev. The Eg is
the forbidden band gap, restricting electron movement.

its conductivity can be tuned by incorporating with other materials, i.e., doping it with
electron donor elements to form a negative carrier type of semiconductor [i.e.,
phosphorus, n-type, electrons as the majority carrier], or doping it with electron
acceptors to form a positive carrier type one [i.e., boron, p-type, holes (+) as the
majority carrier]. The conductivity of semiconductor is determined by the electron
energy distribution from the surface to the bulk. The electron energy level distributed
in semiconductor is classified as an allowed bands which exist at energy level and not
allowed bands which exist without energy levels. Further, in allowed bands there are 1)
conduction band (Ec) which is the lowest unoccupied band for electron, and 2) valence
band (Ev) which is the highest energy occupied band for electron. In a semiconductor
or in an insulator, Ec and Ev are separated by a band gap (Eg), which restricts the
transfer of electrons from Ev to Ec, forming one clear forbidden band within which
there exist no energy levels (in silicon the Eg is 1.12 V at 300 K). In metals, Ec and Ev
overlaps, rendering its conductivity stronger comparing to semiconductors or insulators.
Further, there is an important parameter which is in terms of Fermi level (EF) represents

the equilibrium distribution of carriers’ energy level in semiconductor, the Er is usually
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located in middle of the band gap. Figure 1.1 show the energy level diagram of intrinsic
semiconductor.

Er can be altered by dopant, applied electric fields, and light. The electron can transfer
from Ev to Ec, because it can be stimulated or exited by these mentioned functions to
generate or move the electrons (-) and holes (+) carriers across the band gap. The
electron density arrangement in the semiconductor is described by the Fermi-Dirac
equation. Prermi-pirac(E) represents the probability of occupancy of an electron at the

energy level (E) relative to the Er as described by the following equation:

E

— Ep
kT )] @)

PFermi—Dirac(E) = 1/[1 + exp(

where k is the Boltzmann constant and T is the temperature on the Kelvin scale. It is
easily seen from equation (1) that Er is the energy level where the probability of
occupancy by an electron is 1/2. Note that this does not imply that there are energy
levels at Er, but only what would be the probability of occupancy if there were and
accessible level. It is implied from this distribution, that electrons [(-), negative charge
carriers] are concentrated (i.e., the lower energy an electron can have, or in other words
electrons would lose energy by moving towards the bottom of the page) at lowest edge
of Ec above Er, and holes [(+), positive charge carriers] are concentrated at highest
edge of Ev below Er. The distribution differences between the negative and the positive
charge carriers in the energy band explain why electrons are excited from Ev to Ec.
When the semiconductor is illuminated with light of enough energy (greater than the
band gap) electrons are excited to Ec leaving a positive charge carrier in Ev (a hole (+)
would be formed there). Besides traditional stimulation method as heat or light, the
excitation of charge carriers also be achieved in response to friction.[®®! The
concentration distribution of negative charge carriers in Ec and positive ones in Ev is

approximated by the Boltzmann distribution as below:



Ec — Ep
kT

Ep —E
p = Nyexp (- =) ®3)

n = Ncexp (— ) (2)

where Nc is the effective density of states of negative charge carriers in the energy level
at Ec, and Nv is the effective density of states of positive charge carriers in the energy
level at Ev, k is the Boltzmann constant and T is the temperature on the Kelvin scale.

Equations (2) and (3) indicate that the Er is located nearer to Ec in an n-type
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Figure 1.2. Schematic of energy band in a) n-type semiconductor, as well as b) p-
type semiconductor. When the concentration of donors is increased, Er shifts nearer
to Ec in an n-type semiconductor, conversely, the Er in a p-type semiconductor moves
nearer to Ev as the level of acceptors is increased.

semiconductor, conversely, the Er in a p-type semiconductor is located nearer to Ev, as
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illustrated in Figure 1.2.

1.3.1 Band bending in semiconductors

In an electrochemical and electrical measurement involving semiconductor electrodes
there are a couple of key interfaces, these are the interface between the semiconductor
and a metal contact,®8 and the interface between the semiconductor and the ionic
conductor — the electrolyte.l!% 111 Due to the intrinsic electron energy level differences
between the two phases, an electric field will form at the interface. This generated field
poorly screened by the free electron exchanging through the interface, the energy level
changes in this contact volume are such to balance the energy difference between the
two phases, and this is what causes the band bending phenomenon (at the interface of

two different materials, the electronic energy band would be bending up and down).[*?
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Figure 1.3. Schematics illustrating the bend bending at an equilibrated interface
between a n-type semiconductor and a metal contact (an analogous situation can be
reached for a liquid contact where a redox species is dissolved). a) When the work
function in the isolated semiconductor phase is smaller than it in the metal phase,
the direction of net electron transfer (leading to equilibrium) is towards the metal. A
depletion layer with upward band bending forms in the semiconductor phase. b)
When the work function of the semiconductor is larger than that of the metal phase,
the direction of electron transfer points towards the semiconductor, forming an
accumulation layer in the semiconductor phase (downward band bending).

When a semiconductor is contacting a metal, the work function (defined as the

minimum energy removing an electron out of solid surface to the vacuum pointf*4l)
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difference between these two phases leads to an interfacial rearrangement of the
electron energy distribution.!*? If the work function of the semiconductor phase is lower
than that of the metal phase, electrons will move from the semiconductor side to the
metal side until the Er of both phases equalize. Due to the direction of electron transfer
pointing towards the metal, the semiconductor surface will gain an excess of positive
charge carriers, and the metal surface an excess of negative charges. Because of this, in
the n-type semiconductor, see Figure 1.3, the density of electrons is lower in the near-
surface region of the semiconductor rather than it in its bulk, forming a depletion layer.
On the contrary, if the work function of the semiconductor is higher than that of the
metal phase, electrons will migrate from the metal side to the semiconductor side,

forming an accumulation layer in the semiconductor.[*?
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Figure 1.4. Depiction of band bending for a) n-type semiconductor, and b) for a p-
type semiconductor, before (left) and after (right) being brought in contact with a
redox electrolyte solution. Equilibrium is then reached between Er and Eredox. Where
Ec is conduction band, Ev is valence band, Er is Fermi level, and Eredox is the
electrochemical potential of the redox electrolytic solution.
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Figure 1.4 illustrates the band bending at the semiconductor—electrolyte interface. The
semiconductor is contacting the electrolyte, and as long as electrochemical potential
level is different between the two, there will be an electronic redistribution (which
manifests mainly in the semiconductor). Electrons will transfer through the interface to
equalize the energy level and the electrochemical potential between the two phases, that
is, until Er in the semiconductor will match to the redox potential (Eredox) Of the
electrolyte species in solution. For the n-type semiconductor, if Er is higher than the
Eredox Of the electrolytic solution, electrons will move from the semiconductor side to
the solution side. As a result of this a positive charge appears in the space charge layer
to form an electric field, the EF moving down and the Eredox moving up to reach an
equilibrium at the same energy level. Consequently, the majority carries form a
depletion region layer from the surface to the bulk of semiconductor. For the p-type

case the band bending is reversed.

1.3.2 Photocurrent effects at semiconductor-liquid

interfaces

Photoeffects in semiconductors are more marked for depleted electrodes (as discussed
in the previous section). A photocurrent is generated when a silicon wafer is irradiated
with light, especially for doped and depleted interfaces. Electrons (-) are excited to Ec
leaving an equal amount of holes (+) in Ev. In an intrinsic semiconductor, the
concentration of charge carriers both for majority and minority are dominated by the
density of the dopants. In an n-type semiconductor the majority of charge carrier is
negative, while in a p-type is positive. Upon irradiation, the concentration of the
majority charge carriers changes little, while the minority charge carriers concentration
will change tremendously. Therefore, the ramification of the light irradiation is more
remarkable in the depletion region, the formed minority charge carrier will move to the
semiconductor surface to play a vital role as charge carrier in charge transfer.[*®! Figure

1.5 depicts this.
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Figure 1.5. Band diagram and the associated electric field in a a) n-type
semiconductor and in a b) p-type semiconductor upon illumination with light of
energy greater than the band gap. The minority charger carriers [electrons (-) in the
n-type, and holes (+) in the p-type] sense the in-built electric field of the depletion
region (the band bending direction depends on the doping type). After irradiation the
concentration of minority charge carriers will change significantly.

1.3.3 Electrochemical reduction of silica to silicon

It has been mentioned above that unlike in a metal, a semiconductor can “hold” a certain
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potential difference in its near-surface space charge layer. This field can assist or
impede the migration of charged species. It has also been mentioned, and will be
discussed in more details in the thesis, that a thin oxidation film forms spontaneously
on the surface of silicon.[> 161 Silicon is the building block of all microelectronics
devices, but it is not found in nature in a suitably pure form. Most silicon-based raw
materials exist in the mineral form of silicates or silica, hence their reduction and
transformation to silicon crystals is the first step in the semiconductor industry.
Conventionally, silica is usually reduced by the carbothermal process to achieve pure
silicon.l*”l The limitation of this traditional reduction is that it requires very harsh
conditions and temperatures as high as 1700 °C.I*¥l To decrease the reduction
temperature (and associated costs), an electrochemical method may be a valuable
option, nevertheless it is immediately appreciated by scientists and engineers that silica
is an electrical insulator and not an ideal material on which to conduce electrochemical
reductions. In 2003, Nohira et al. reported a contacting-electrode mode reduction
capable of converting SiO2 to Si within a molten CaCl: salt, succeeding in decreasing
the harsh temperature requirements to 850 °C.1® The authors suggest that the reduction
is proceeding at a three-phases contact point, that is at the point where the insulator, the
molten electrolyte salt and the conductive electrode (an molybdenum wire bonding to
a quartz plate) meet. The molybdenum wire contacts the SiO2 surface, and when its
reduction potential reaches sufficiently negative voltages, the oxygen fugacity at the
electrode interface aids the reduction of SiO2. Oxygen atoms can move from the bulk
(inside) to the interface (outside), with ease, as oxygen atoms in SiO2 will readily
transfer diffusively at 850 °C.*8 With the reduction continuum, the formed Si exhibited
more conductive areas at the three phase contacting point helping the reduction to
progress. This molten salt method is still a somewhat a harsh and energy intensive
method, even though it is an effective way to realize the electrochemical reduction of
silica. It remains an unmet challenge to achieve the electrochemical conversion of SiO2
to Si at room temperature. An option forward in this context is discussed in Chapter 3

where it will be demonstrated that a thin oxide layer on highly conductive Si facets and
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the field of the space charge can promote the nanoscale reversible silica/silicon redox

chemistry.

1.3.4 Miller indices and stereographic projections of silicon

Commercial silicon ingots are usually made through either the Czochralski or through
the Float zone crystallization process. Large ingots are then cut along specific crystal
orientations, and the resulting wafers have well defined bulk resistances, thickness, and
doping levels. As this thesis is broadly focused on facet-resolved electrochemistry of
silicon, the orientation characterization needs to be introduced briefly here. Miller
indices are a conventional method to describe the orientation, the lattice plane and the
projection of a crystal structure (such as silicon). The Miller indices are always denoted
by an array with three integers numbers h, k, and I, those three ones are the reciprocals
of axis of x, y, and z value of the intercepts of the cartesian coordinates system. For
example, when the interceptsare x =1,y =1,andz=1,thenitmeansh=1,k=1,1=
1, and the plane orientation would be (111). While the plane is parallel to one axis, like
when x =1,y = 1 and the plane is parallel to z-axis, then the integers array representing
the planeare h=1, k=1, and z = 0, and the plane orientation is (110), in the same way,
whenx =1/2,y=1,z=1,thenh =2, k=1, 1 =1, the plane orientation is (211).

To visualize the relative direction and orientation of the crystal facets in a commercial
silicon wafer, stereographic projections are the required tool. Such projections render
the analysis of a crystal structure effortless. For example, as shown in Figure 1.6, a
commercial silicon wafer Si(111) is normally marked by the producer with a lapped
edge, which indicates for example in the case of Siltronix wafers (those used in this
thesis) the Si(110) as reference orientation. When the wafer is cut in parallel direction
to this labelled edge, the fresh cut will obviously expose two Si(110) facets. On the
other hand, when the wafer is cut along a vertical direction relative to this labelled edge,

the cut will expose two new Si(211) facets.
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Figure 1.6. Schematic of relative crystal orientations on commercial wafer Si(111).
A lapped Si(110) edge marks an internal reference orientation, selected by the
commercial wafer supplier. It often marks the Si(110) facet, therefore cutting the
Si(111) wafer on a direction perpendicular to this edge it will expose the Si(211)
facet.

1.4 Self-assembled monolayers

It has been mentioned previously that the semiconductor industry plays a crucial role
in our modern digitized society. The size of semiconductors and microelectronics
devices is decreasing to the nanoscale, and this miniaturization has prompted extensive
research in trying to merge molecular electronics with silicon technologies. For
example it is feasible to tune electrical and electrochemical properties of semiconductor
surfaces by tethering self-assembled monolayers (SAMs).[*1 Functionalized silicon
surfaces can lead to specific electrochemical properties.[> 2211 SAMs offer advantages
for example of tuning the conductivity,!???% the adhesion,?® 21 the roughness, 28]
wettability®% 32 and frictionl®® %4 to trigger specific interaction with substrates to
understand the chemical thermodynamic and kinetics process through interface for
scientific and engineering purposes.*>-3"1 Surface modification expands the chemical
selectivity and controls the electronic energy levels in the semiconductor substrate
leading the research of surface science to the molecular scale resolution.[*4% |n order
to achieve the above mentioned purposes, the first step is to fabricate the monolayer
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structure. SAMs structure often contains three main components, which are 1), the
headgroups that are attached on the substrate surface (metal or semiconductor), 2) the
linker groups that are usually composed of alkyl chains (to impart flexibility) or
aromatic groups (to impart rigidity), and 3) terminal groups that can exhibit the desired
function, such as chemical or electrochemical properties at the distal end.[% 411

The simplest method to form SAMs on the substrate is adsorbing molecule from a
solution of the active adsorbate. Gold is the most popular substrate for such experiments,
owing to it is easy for preparation of SAMs (although the main substrate in this thesis
is silicon, the brief introduction of gold substrates here is needed). As a main platform,
thiolate—gold SAMs remain the main experimental model, which are ubiquitously used
as molecular devices or biosensors,*?l being employed to investigate charge transfer,
rectification, and thermodynamic electrochemical properties of the surface.[*>*5] SAMs
on Au generally present supramolecular structures which are of value in molecular
electronic research.*5%% |n 2019 Wang et al. reported that the rectification ratio of the
molecule junctions can be affected by the disorder of the supramolecular structures in
the monolayers on the substrate.®l The rectification at junctions was sensitive to the
defect site where the disorder structures existed in the monolayers. The leakage current
flowing through the defect site changed drastically, and the best performing samples
have rectification ratios 10 times larger than for the worst samples. There are many
events leading to disordered structures in the monolayers, for instances, the different
linker groups (aliphatic or aromatic chains) and different synthesis procedures (i.e.,
preparing from different solvent, polar or nonpolar).5-54 Also, a disordered structure
can affect the electrochemical behavior, and this will be expanded later in the section
1.5. The advantages of thiolate—gold SAMs is the ease of incorporating functionalities
at the distal end, and that such functional molecules can be prepared through organic
synthesis to expand versatile applications of the gold monolayers. Nevertheless, the
thiolate—gold monolayers face stability problems due to the weak bond energy of the

thiolate—gold bond, which was readily to be oxidized in air limiting long term stability.

[55, 56]
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Relative to SAMs formed by non-covalent bonding, covalently bound SAMs are
obviously more stable.l?% %I As this thesis pertains with covalent SAMs on silicon, a
small digression on covalent SAMs is necessary. In 1980, Sagiv reported the foremost
paper that the covalent bond monolayers on the glass substrate were prepared from the
reaction of chlorosilanes and alkoxysilanes with hydroxyl-terminated oxidized
substrates.®¥ SAMs of this seminal study were originally intended as an experimental
tool for mimicking biological membranes. The paper offered a novel tool for scientists
to modify surfaces with molecular control, but the Si—-O-Si bonds formed on the surface
in this case were susceptible to hydrolysis and readily degraded by heat. The need of
overcoming these stability issues prompted research to modify silicon surfaces with
stable SAMs with stronger chemical bonding to their substrates.

One of such approaches was the hydrosilylation of unsaturated molecules on hydrogen-
terminated silicon.[57-521 Hydrosilylation refers to the insertion of hydrogen and silicon
in alkenes and alkynes. To perform this kind of reaction, silicon is first etched in
fluoride solutions(HF(aqg) or NH4F(aq)) in order to generate a Si—H surface.[%® 641 The
advantage of the Si—H surface is its ease of preparation and its stability in common
solvents in laboratory(i.e., dichloromethane, acetonitrile, toluene).l5"1  The
hydrosilylation is compatible with several functionalities, so that SAMs with a reactive
distal end can be formed. [ ¢8I That is, after forming a Si—C bond, the grafted monolayer
can be further derivatized.[?” 3% 69

The Si—C bond resist hydrolysis and the first report on hydrosilylation on Si(111)-H by
Chidsey and co-researchers relied on pyrolysis of a diacyl peroxide initiator.[%% 61 They
proposed a radical-intermediate mechanism. It was hypothesized that the peroxide
initiator generates a silyl radical center on the substrate by dissociating the Si—H bond,
and then the a—C of the olefin part would add to this silyl radical site (dangling bond)
forming a second radical center at B—C of the olefin chain, then the second carbon
radical site in the olefin part abstracted the H from the neighbor Si—H to generate a new
silyl radical site for the next addition of another olefin molecule. The monolayer formed

by this method was very stable because of the strong Si—C bond.
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Organometallic chemistry is another choice to provide Si—C bond to link SAMs and
silicon substrate, i.e. employing Grignard or organolithium reagents. Bansal et al.
reported that a two-step chlorination/alkylation reaction on Si—H surfaces could
produce an electrically and chemically well-passivated silicon surface.l’” Firstly, the
Si—H surface was chlorinated by PCls, and then the Si—Cl surface was alkylated with
organometallic reagents to yield the desired functionalities. This two-step reaction
enables the formation of unprecedented functionalities, such as a methyl distal end to
prevent oxidation, exhibiting a reasonable stability in air and exceptional electrical
performances.

The homolytic dissociation of Si—H bonds can also be promoted by light, same as it is
induced by heat.5® ™ Light can assist hydrosilylation on the silicon surface to provide
well densely packed SAMSs with good surface coverage.[’> 7®l The mechanism is similar
to the thermal procedure (formation of silyl radicals), while comparing to harsh
condition such as the thermal and organometallic chemistry, the light irradiated method
was less detrimental to silicon substrates and tethered groups especially utilizing in
semiconductor biosensors on which were attached tiny and sensitive biocompatible
molecules.[62 74]

The diazonium salts is another interesting approach to form stable Si—C bonds
SAMs.[®71 Unlike the above-mentioned olefin- and alkynyl-derived SAMs,
diazonium-based approaches lead to robust SAMs with aromatic derivatives directly
attached onto the silicon substrate.[®-8% Stewart et al. reported a directly one step route
to attach rigid m-conjugate moiety onto the silicon surface forming robust Si-C
bonds.® The diazonium salts is reduced to form a diazenyl radical even at open circuit
potential, and then the diazenyl radical loose N2 to form an aryl radical intermediate
that rapidly reacts with the Si—H bond starting a chain reaction on the substrate. This
spontaneous diazonium radical reaction provided an appealing route to generate strong

Si—C bonds with distal desire rigid functionalities.[™®!
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Figure 1.7. Schematic illustration for the hydrosilylation of the silicon wafer.
Chemical scheme is employed for showing the passivation of silicon [i.e., schematic
representation of the different substrates, Si(111), and a-Si] Assisted by UV
irradiation, hydrosilylation of 1,8-nonadiyene (1) on Si—H generates an alkyne
modified substrate (S-1), which is then reacted with a redox head group (i.e.,
azidomethylferrocene (2) is representative here, but the reaction is amenable to many
azides) through a click reaction (copper-catalyzed azide—alkyne cycloaddition
(CuAAC), generating a self-assembled monolayer (S-2) in this example a redox-
active sample for electrochemical research. Reprinted from the study by Vogel et al
ref.[82l Springer Nature.(2017) https://www.nature.com/articles/s41467-017-02091-
1, under the terms of the CC BY 4.0 license,
http://creativecommons.org/licenses/by/4.0/.

The “click” reaction shown for example in Figure 1.7 (passivation of silicon by a two-
step modification employing a copper(l)-catalyzed alkyne-azide cycloaddition
(CuAAC) is an attractive coupling approach for adding additional functionalities to the
substrate. The merits of the click reaction are the easy minor purification requirements,
no need of protection and deprotection procedures, high yields and high selectivity,
compatibility with a wide range of solvents, and inertness towards other functional
groups, the latter being especially important in biological applications.[®* 69 83 84]
Noticeably, this chemistry enabled the stepwise constructions of redox SAMs (i.e.,
ferrocene derivatives) on substrates with almost ideal electrochemical behavior,
demonstrating the benefits of this click reaction, such as the lack of side effects and
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good conversion yields.[%8 Due to the robust electrochemical properties demonstrated
by ferrocene (Fc), the formed redox SAMs are often employed as redox model system.
In this section we briefly introduce how to produce SAMs on metal/semiconductor
surfaces. Since this thesis is focused on facet dependent electrochemical behavior it was
essential to form stable covalent bonds linking monolayers with the substrate. Attempts
to achieve high quality SAMs was a prerequisite to prevent the formation of silicon
oxides on the substrate, which will introduce considerable and irreproducible effects on
the electrochemical kinetics. Further, electrochemical kinetics of ferrocene SAMs is
impacted by the surface coverage of the monolayer,!®! by dipole effects, by the length
of alkyl chain between the distal molecule and the substrate,’?®! and by the doping level
in the substrate.®8l In order to understand and explore these points it is necessary to
introduce in the following section the principal electrochemical and electric

measurements employed in this dissertation.

1.5 Electrochemical and electric measurements

1.5.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a prime measurement for obtaining Kkinetic and
thermodynamic electrochemical data of any electrode material, including
semiconductor interfaces.[®” 8l It is a simple technique that is widely employed in
analyzing electrochemical reactions on semiconductor electrodes modified with
organic monolayers.®® By varying the potential and recording the current flow of a
redox reaction, this technique is suitable for the analysis of electron transfer behavior
through an interface.[?”- %0911 CVs are a primary tool for scientists and surface scientists.
By analyzing the shape of voltammograms, the full width at half-maximum (FWHM),
the height of the peak current, peak currents ratio, the position of peak potential, the
charge that passed, scientists can extract a lot of information on redox interfaces. For
instance the shape of a voltammogram is related to the homogeneity of the
monolayer.®2l By acquiring the peak potential it is possible to understand

thermodynamic properties. The separation of peak potentials of anodic vertex and
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cathodic vertex can afford the kinetics process of the electrochemical reaction.*®! The
ratio between the anodic and cathodic current maxima can relates to the reversibility of
redox reaction, and approaches unity for reversible reactions. The profile data of peak
height versus scan rate can understand the electroactive species is attached on the
substrate electrode or not.® The redox peak of CVs can manage to understand the
interaction existed in the molecular in monolayers. The advantage of CVs is in their
simplicity, convenient and sensitive, nevertheless, it is not always easy to obtain perfect
data, and often researchers record adventitious signals or non-ideal behaviors. These
will be (for silicon) discussed and clarified by the experiments presented in this

dissertation.

1.5.1.1 Non-ideal voltammetric signals

Electroactive species can exhibits perfect or nearly perfect symmetric peaks in
voltammograms (i.e., the redox peak is symmetric and the FWHM is nearly 90.6 mV
for one-electron processes).®? %1 Nevertheless, over the past few years several reports
have illustrated that non-ideal CV shapes are not uncommon. % & %1 These non-ideal
shapes are usually broaden, split, and even multiple waves. For SAMs non-ideal
behavior generally is linked to heterogeneous molecular interactions. Disorder, odd-
even effect of the linker between headgroup and substrate, the repulsion function of
headgroup, and the interaction between redox species with electrolyte are not
uncommon. [ 97-102]

For example, Lee et al. reported a typically non-ideal cyclic voltammetry and explained
it as a disordered structure. It has been mentioned previously, the thiolate-gold SAMs
are generally employed in studying the electrochemical behavior due to their ease of
formation.['®* As shown in Figure 1.8a for a binary component monolayer prepared
from Fc-(CH2)12-SH and CH3(CH2)eSH on Au there can be two phases’, domains of
ferrocene moieties on the substrate, one phase has ferrocene groups isolated by
surrounding alkyl thiolate, and the density of ferrocene molecules was diluted in this
domain. In the other phase, the ferrocene molecules are forming clustered domains, in
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Figure 1.8. a) Schematic demonstration of two domains of monolayers which are
composed of Fc-(CH2)12-SH and CH3(CH2)eSH. Part | denotes isolated Fc-
(CH2)12-S—Au molecules and part II denotes cluster-formed Fc-(CH2)12S—Au
molecules. b) Representative cyclic voltammograms of two components
monolayers formed containing different ratios of Fc-(CHz2)12-SH and CHs-
(CH2)9-SH. CVs were recorded versus Ag/AgCl as a reference electrode in
HCIO4 (1.0 M aq) as electrolyte, and the scan rate was 20 mV/s. Panels a) and
b) are adapted from the study of Lee et al. ref 1% with permission from the
American Chemical Society, copyright (2006).

which the ferrocene is surrounded by neighbor ferrocenes. Two types of ferrocene
domains would show phase separation on substrate, and it leads to the disorder structure
environment that manifests in electrochemical measurements. Two couples of redox
peaks are found in the relative CVs (Figure 1.8b). CVs acquired from samples prepared
with the binary Fc-(CH2)12-SH (FcS) and CH3(CH2)eSH,(AS) mixture on Au at various
ratio of FcS to AS, ranging from 0.1 to 1.0, are very different. The dominating peak is
peak I at a mole ratio of FcS of 0.1, but interestingly, when the mole ratio is 0.4 a new
redox signal peak II appears at 0.34 V. Increasing the ratio the dominating peak would
almost entirely change to peak II. It can be inferred from CVs that at different density
of ferrocene groups the phase separation would lead to huge changes in the average
electrochemical environment.

Moreover, Nerngchamnong et al. reported a different kind of non-ideal electrochemical
behavior,®® and it is not like the above mentioned non-ideal peak in CVs which is
caused by disordered structures. In this case the non-ideal electrochemical behavior,

like peak splitting and broadening, results from the accumulation strain generated by
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the size mismatch between the ferrocene terminal groups and the alkyl linkers in SAMs
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Figure 1.9. In the upper row, a schematic demonstration of the SAMs of Fc-(CH2)n-
S on Au, shows five different electrochemical microenvironments. In the lower row,
four distinguish CV peaks, related to packing structures caused by different
intermolecular interaction, are shown. Peak I' stands for interactions between Fc
and Au, peak | stands for Fc group exposing to electrolyte solution, peak Il stands
for fractionally concealed Fc units, peak Il stands for buried Fc groups, and peak
IV stands for disorder in the monolayer. Gold is denoted by pale yellow circle, sulfur
is denoted by dark yellow circle, and ferrocene is denoted by blue circle containing
an orange sphere. The figure is reprinted from the study of Nerngchamnong et al. ref
1961 with permission from the American Chemical Society, copyright (2015)

on Au. See in Figure 1.9, the lengths of the alkyl chains were systematically changed
by increasing the number of methylene (n) from 0 to 15. While n is larger than 2,
multiple peaks gradually appeared in CVs, this non-ideal behavior was related to the
packing interactions of molecules. Peak I’ in CVs was assigned to the interaction
between Fc and Au which was dominated by covalent bond (length of alkyl chain was
short). With increasing the number of n, the interaction between Fc and Au would be
weaken, owing to the interaction was gradually dominated by noncovalent bond (length
of the alkyl chain increased). Peak I was generated by the Fc exposed to the electrolyte
and interacting with another Fc directly. At higher anodic potentials peak II would
appear alongside with peak I. Peak II originates from parts of Fc moieties marginally
concealed in the monolayers and screened from the electrolyte solution. Because the
size mismatch between Fc units and alkyl chains, some parts of Fc groups would be
positioning lower or farther to other Fc groups, resulting orientations of Fc groups not

all positioning at the same flat, meaning some of them were more screened and not
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exposed to the electrolyte adequately. When the length of the alkyl chain increased to
14 and 15, the interaction between alkyl chain packing (alkyl chain interacted with alkyl
chain) would play more fiercely, some parts of Fc groups would be screened form the
solution deeply, there would exist peak I1I, same situation also happened in monolayers
when the number of n is even integer (packing stronger than odd integer). The peak IV
was obtained from disorder structures in the monolayer which were causing by two
domains (chemisorption of some disulfide precursors).[®® The research demonstrated
the supramolecular structures could affect the electrochemical environment leading to
non-ideal electrochemical behavior.

In addition, Wong et al reported another type of non-ideal electrochemical behavior
generated from ion pair effects.'% The electronic structures and chemical
environments of the molecular groups in the monolayers on substrate can influence the
relative redox reaction behavior. The Fc-(CH2)11-S-Au monolayer is the classical
electrochemical model to investigate the charge transfer process of redox reaction. See
in Figure 1.10 a), b) after losing electron in the electrochemical reaction, the generated
ferrocenium would form ion pairs with counterion in the electrolyte due to the charge
compensation. By incorporating with the counterion, it led to a steric effect causing the
electrostatic repulsion in the monolayer. Consequently, the electrochemical
microenvironment was changed, and then CVs exhibited non-ideal wave. See in Figure
1.10 c¢) CVs were broaden and multiplied as double peaks, it indicated the electronic
state change by forming ion pairs can cause effects to the charge transfer redox reaction
in the monolayer. To understand the reason leading to non-ideal electrochemical
behavior (broaden, spilt CVs peaks) would benefit optimizing the design of
semiconductor microelectronics.

The non-ideal electrochemical behaviors of CVs measured on Au substrates have been
briefly listed above, more or less, these examples are related to the heterogenous
microenvironment of the monolayer. Nonetheless in semiconductor substrate like
silicon, even when the environment of monolayer was homogenous, there still found

multiple peaks for a one electron transfer redox reaction measured in CVs which is not
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caused by molecular disorder but by different photocurrents generated from the

substrate, [1%1 as will be introduced in Chapter 2.
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Figure 1.10. a) Molecule structure of Fc-(CH2)11-SH. b) Schematic illustration of
structure alternating between Fe/Fc* redox process, black circles represented sulfur
by the and green circles represented the electrolyte anions. ¢) Cyclic voltammograms
of ferrocene-(CH2)11-thiol monolayer on Au(111) were recorded vs Ag/AgCl as
reference electrode, performed in NaClO4 (0.1 M) as electrolytes, the scan rates were
10 mV/s, 30 mV/s , and 50 mV/s (from inside to outside). Panels a), b), ¢) are adapted
from the study by Wong et al. ref [204 with permission from the American Chemical
Society, copyright (2018).

1.5.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an effective and powerful method for
measuring impedance/resistance of an electrical circuit. It is used for evaluating the
diffusion state of solution, the electrolyte transfer to the electrode, and the charge
transfer in the monolayer on the substrate.[% 1961981 The advantage of EIS is to acquire
information of electrochemical reaction at a steady state in a vast range of frequencies.
Differences in time constants between electrochemical reactions can be more easily
detected at lower frequencies rather than at high frequencies. In an EIS measurement,
the system under scrutiny is generally perturbed with an alternated voltage of small

amplitude. The EIS is composing by a real part (Zr) (which is frequency independent)
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and an imaginary part (Zi) (which is frequency dependent). To profile the EIS, it is
usually used “Nyquist plot” and “Bode plot”. In a Nyquist plot, the X-axis is the Zr and
the Y-axis is the Zi. The point of curves in Nyquist plot represents the impedance, which
is record versus a relative frequency point. And the impedance can be denoted as the
vector value (arrow direction pointing from the original zero of coordinates to the
impedance point) in Nyquist plot. In a Bode plot, the X-axis represent the logarithmic
value of the frequency. There are always double Y axes plotted versus X axis which is
frequency in Bode plot, one Y axis is the logarithmic value of magnitude of impedance
and the other Y axis is the phase angle. Usually, the Nyquist plot is employed to access
the resistance parameter, and the Bode plot is utilized to estimate the capacitance
parameter.['®! |n this thesis, the Bode plot and the formalism developed by Laviron is
employed to estimate the charge transfer rate.[**% 112 1t will be mentioned in Chapter 4

(paper published in J. Phys. Chem. C 2021, 125, 18197—-18203).

1.5.3 Conductive atomic force microscopy

Atomic force microscopy (AFM) is powerful technique to study surfaces by using a
sharp tip to scan over the sample.[**?l By contacting the surface with a tip to achieve the
interaction parameter, it can present the high resolution image of the sample surface at
nanometer level. Detecting the repulsion and attracting interaction between the sample
surface and the tip, it can create a three-dimensional morphological topography in high
resolution to analyze the surface structure. The probe of AFM is composing of a sharp
tip (like a “sharp finger”) and a flexible cantilever (like an “arm”). When it works, the
image of the sample's surface can be created at a high resolution by the tip scanning
across the surface of the sample and simultaneously measuring the deflection of the
cantilever when the probe contacts the morphological features located on the surface.
The deflection of the cantilever can be detected by a sensitive photodetector receiving
a laser beam reflected at the back side of the cantilever.

There are couples of imaging modes of AFM accessible to check the measured samples.
The contact mode is the simplest mode to achieve surface image. During the measuring
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period, the tip is always contacting the sample surface. It is easy to operate and mostly
used in measuring very hard and flat samples in the measurement. Though it is easy,
there are some drawbacks of this mode. When the tip moves cross the lateral edge of
samples, there would generate lateral force, adhesion force or fiction force which can
do damage the tip or samples. The contact mode is not employing in measuring soft
samples which are easy deformation.*?l

If researchers want to measure soft samples, the dynamic mode which are specialized
as tapping mode and non-contact mode are preferable. In the tapping mode, the
cantilever is oscillating nearly to its resonance frequency, and the tip is approaching
and departing to the sample surface. In this mode, the oscillation decreases the impact
of the lateral force. In the non-contact mode, the cantilever is also oscillating but the
amplitude of the oscillation is much smaller comparing to the tapping mode. The non-
contact mode is sensitive to environment, especially when there is water in air, it will
decrease the resolution. 12l

In this thesis, it is mostly focused on the conductive mode. The conductive mode AFM
(C-AFM) is utilized to measure feature of the surface electrical conductivity at
nanoscale.l*** 114 With contacting on the tiny location on the measured sample surface,
the tunnelling AFM can provide the current-voltage curves (I-V) to describe surface
conductivity. The predominance of C-AFM is that it can achieve topography and
current maps concurrently.[** The resolution and sensitivity of the spatialized electric
features are dependent on material composition, morphology, crystal orientation, and
thickness of monolayer.[*** Alongside with analysis of topography AFM model, the C-
AFM which can accurately pinpoint the conductive section on the surface where there
is local defect, leakage current, or recertification phenomenon. The C-AFM can detect
the charge transport information that is not only related to the formation of the molecule
junctions, but also the molecular monolayer within electron contacting steadily.[*] It
can measure the surface resistance, detecting adsorption of molecule on the substrate
and the current through the tip and substrate.*'¢- 1171 This advantage of C-AFM enables

it to detect tiny area (i.e. nanoscale, sub-nanoscale) which is surrounding by an insulator

26



and yield the distribution of dopant concentration on the semiconductor surface. With
the variation of bias voltages applied on the C-AFM tip, the generated current through
the tip and sample can define the lateral resolution of current maps in high quality and

can achieve the charge transfer properties.[t'4 118l

1.6 Introduction to facet-resolved electrochemistry

After general introduction of background of material and measurement, this section
starts to introduce key content of the thesis. Electrostatics catalysis has attracted many
scientists’ attentions since the first reported electric field catalyzed the Diels-Alder
reaction.’? Inspired by the electrostatics catalysis, at the beginning, we have an initial
idea to perform electric field to catalyze the click reaction which there were only few
theoretical reports about that without an experimental evidence.l'®! While during the
research process, we found the crystal orientation of silicon wafer exhibit a huge effect
on the electrochemical reaction on the surface, then we turned to a new world of
electrochemistry, the facet resolved electrochemistry.

Recently, facet-dependent research has received extensive attentions owing to its
fascinating physical properties and widely applications, especially in the fields of
nanocrystal synthesis, nanowires, semiconductors, and photocatalytic.[*2%-12%1 These
studies obtained data by measuring distinguish chemical and physical interfacial
characteristics. Even in the same material, there still exist different electrochemical
behaviors due to the disparities of surface crystal structures. Facet dependent functions
in a catalyst or in a reaction are resulting from the morphological or geometrical
differences of surfaces, which may generate special electric density on the diverse
surfaces of metallic oxides or semiconductors.[“?: 1241271 Within using distinct surface
properties, scientists can control various physical parameters to present varieties of
stimulations to promote the development of microdevices and the semiconductor
industry. Huang et al have reported a method to measure the surface conductivity on
single nanocrystals resulting from different facet-dependent effects.!*l They employed

the measurement to detect large different surface electric conductivity achieved by
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contacting different facets on different sides of silicon wafer with tungsten probes.
Although many researchers have focused on synthesizing diverse nanoparticles to
achieve different well-defined structures for achieving photo-oxidation and electrical
conductivity properties, the research on the surface current result in different reaction
activities on surfaces is limited.

Previously it has been reported that the divergent crystal structure on nanoparticles will
affect the electrochemical reaction rate.[?81 Herein, this background section presents
experimental details to explore the influence of the facet-dependent effect related to the
surface electrochemical kinetics. The summary of recently papers about facet-resolved

chemistry is introduced in the following review paper section.

1.6.1 Facet resolved electrochemistry in semiconductors

This section is adapted from Elsevier, published in Curr. Opin. Electrochem.
2022:101085, titled “Facet-resolved electrochemistry: from single particles to

macroscopic crystals”.
The paper is modified with minor changes in order to fit the general layout of this
dissertation. Copyright permission of reprint with reusing in the doctoral thesis is

attached in the appendix section.

Keywords: heterogeneous  electrochemistry, interfaces, semiconductor

electrochemistry, conductive atomic force microscopy, electrocatalysis

1.6.1.1 Abstract

Optimizing the kinetics and energy requirements of electrochemical reactions is central
to the design of redox systems whose function ranges from energy conversion to
chemical catalysis and sensing. This optimization takes often the form of a trial-and-
error search for the optimal electrode material. Recent research has revealed

pronounced facet-dependent electrical conductivity, redox reactivity and electro-
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adsorption for a range of technologically relevant semiconductors, including silicon,
Cu20, GaAs, InN, Ag20, and B-Ga203. We analyze selected recent reports, highlighting
situations where testing alternative crystal cuts of the same material can be an effective
electrode-optimization process. We discuss what is unambiguously known as well as
what is emerging but still unclear, such as when and how electrical conductivity and
electrochemical rates scale with each other (and when not), or the use of facet-
dependent electro-adsorption to direct crystal growth and monolayer deposition. When
there are contrasting or counterintuitive views, we explore the assumptions that underlie

them.

1.6.1.2 Introduction

Electrochemistry is a broad and rapidly evolving discipline, but at its core remains the
branch of chemistry combining the study of electronic conduction in solids with that of
ionic conduction in electrolytes 2% 1% |ts yltimate aim is that of predicting and
possibly engineering electrode kinetics and/or equilibrium positions of redox processes
[131, 1321 It follows that most progresses in electrochemistry have resulted from
improvements in the understanding of the physical and chemical properties of
electrified interfaces [ 33 134 From sensing to energy conversion, optimizing the
kinetics of an electrode reaction and engineering its thermodynamics often begin a
systematic change to the chemical nature of the electrode. For instance, volcano plots
in hydrogen electrocatalysis are an excellent reminder that the nature of the electrode
can dominate electrode kinetics 31, However, the search for optimal electrode

materials remains often a trial-and-error process.

Recent research has brought back attention to the scope of confining this search to a
narrow range of alternative materials: alternative crystal cuts of the same material.
Simply by selecting alternative crystal facets of a given material it is possible to
substantially alter surface energies % electron trapping efficiencies %71 surface
charges (%81, electrode propensity to corrode [**, and adsorption selectivity 4%, Hence,

facet-resolved electrochemical research is rapidly gaining momentum, especially in the
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fields of nanocrystals sensing [*41: 1421 semiconductor electrochemistry 16143 1441 ang

electro- and photo-catalysis [145-148],

In this short review, we critically analyze recent research that has explored differences
in electrochemical reactivity between different facets of the same semiconductor or
metal. We highlight the most promising features of this emerging topic, as well as

present systems where the scope of this approach is undoubtedly poor, or still unclear.

1.6.1.3  Facet-dependent electrical conductivity links to

electrochemical reactivity: the case of Si and Cu.O

Silicon continues to be the technologically most relevant material [4°1. With only few
exceptions 15 150151 "sjlicon electrochemical research has so far focused mainly on
only two silicon orientations: (111) and (100). This changed in 2017 (Figure 1.11),
when Huang and co-workers discovered the high electrical conductivity of Si(211) ™.
Similarly, remarkable differences between different facets of the same material are also
emerging for other semiconducting materials, such as Cu20, GaAs, InN or Ag20 [15%
1551 Focusing on silicon and with the aid of conductive atomic force microscopy (C-
AFM), it has been demonstrated that the conductivity of a junction between oxide-free

silicon and a metal contact decreases in the order (211) >> (110) > (111) 1, One of
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Figure 1.11. Facet-dependent conductivity of silicon crystals. Current—potential (I-
V) traces curves and SEM images (insets) obtained with microscopic tungsten probes
contacting adjacent but different silicon crystal facets. (a) 1-V curves recorded
between two Si(111) facets, (b) between two Si(112) facets, and (c) between Si(112)
and Si(111). Adapted from the study by Tan et al.lll, copyright (2017), with

permission from Wiley-VCH.
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the most notable, and unexpected, electrochemical consequences of this facet-
dependent (electrical) conductivity is to allow the silica—silicon redox couple become
reversible on highly conductive Si(110) defects, which are ubiquitous on a nominal

Si(111) wafer [26],

This finding is surprising in several ways. Firstly, the notion that single crystals are an
idealization is not sufficiently widespread, and its practical implications not entirely
appreciated. Even a perfectly etched Si(111) wafer, of sub-nanometer roughness 156
exposes an array of vertical steps separating adjacent (111) terraces (Figure 1.12a).
These steps are often aligned with the (211) and (110) directions [*®!. Both Si(211) and
Si(110) are more conductive than both Si(111) (Figure 1.12b) and Si(100), the other
common silicon electrode material 2% 511, On these steps, and for thin oxide films only,
the electrochemical silica-to-silicon conversion occurs reversibly at room temperature
(Figure 1.12c). Traces amount of OH™ and O2™ migrate through the oxide layer covering
highly conductive (110) and (211) terraces separating Si(111) planes, allowing the
redox reaction to proceed reversibly [l In fact, deliberate anodic damaging of an
initially oxide-free Si(111) electrode (Figure 1.12c) leads to the appearance of a
surface-confined cathodic wave. This wave, labelled in Figure 1.12c as 1 in the return
segment of the first cycle, is coupled to a new anodic signal (2) visible in the anodic

segment of the second cycle (61,

In general, the electrochemical reduction of bulk silica, due to its high electrical
resistance, is obviously of limited viability. It requires molten-salt reactors and
temperatures in excess of 850 T 8. While these recent findings for Si (211) and Si
(110) cannot immediately translate to a room-temperature bulk electrosynthesis of
silicon form silica, they are however of practical importance as they explain the origin
of recurrent parasitic signals often observed with silicon electrodes. Unlike for platinum,
gold and carbon, where all common adventitious electrochemical signals have been
satisfactorily assigned and explained, the origin of common parasitic signals has
remained more elusive in silicon voltammetry 821571581 |n essence, highly conductive

silicon defect defines for silicon the potential window free from redox parasitic signals,
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Figure 1.12. Electrochemical signatures of reversible silica—silicon conversion
on highly conductive silicon facets. (a) AFM topography image of a Si(111) wafer.
Data obtained ensuring a parallel alignment between the original wafer major flat,
indicating the [110] direction, and the x-direction of the AFM raster scan. Steps
between terraces, here roughly parallel to the sample major flat, are (110) facets.
The scale bar is 400 nm. (b) Schematics of a Pt—organic monolayer—Si junction in
a C-AFM measurement and the corresponding I-V curves (average of 400 curves)
for Si(111), Si(211) and Si(110) samples. S-1 indicates the substrate is coated with
a protective monolayer of 1,8-nonadiyne. (c) Magnified view of the first three
sequential cyclic voltammetry (CV) cycles (six segments) of freshly made S-1
samples on Si(111). The bias was ramped from an initial —0.5 V to an anodic vertex
of 1.0 V (0.1 V/s, aqueous 1.0 M HCIOa4). (d) Hanging meniscus configuration
designed to wet exclusively the Si(110) facet, exposed by cleaving a Si(111) wafer
along a direction parallel to the wafer’s lap. (e,f) CVs of anodically damaged
monolayer-coated Si(111) and Si(110) electrodes (S-1, 0.1 V/s, aqueous 1.0 M
HCIOa). The surface coverage of the Si/SiOx signal observed on Si(110) is ~ 6.9
times larger than on Si(111) while the measured (capacitance) area ratio between
Si(111) and Si(110) is only 1.9. (a, c—f) Adapted from the study by Zhang et al.[*6],
copyright (2021), with permission from the American Chemical Society. (b)
Adapted from the study by Zhang et al. 51, copyright (2021), with permission
from the American Chemical Society.

and as such, suitable for the study of surface reactions by electroanalytical methods.
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Furthermore, this example of nanoscopic facet-resolved electrochemistry can be scaled
to relatively large electrodes (Figure 1.12d). It is customary for silicon manufacturers
to mark wafers with a lapped edge. For Si(111) wafers this edge generally marks the
(110) direction. In conjunction with readily available crystallographic stereographic
projections, such lap helps in cleaving a commercial wafer to expose specific planes.
For instance, cleaving the wafer in direction parallel to the lap will expose Si(110).
Cyclic voltammetry in a hanging meniscus setup, such as to wet only the Si(110) facet
(Figure 1.12d), leads to redox parasitic waves (the silica—silcon couple) significantly

larger than what normally observed with Si(111) (Figure 1.12¢,f).

Unlike for a redox reaction that requires migration of oxygenated species, like the one
discussed above, or as for bias-dependent adsorptions as discussed in the next section,
if the redox entity is held at some distance above the electrode, significant changes in
substrate conductivity are not reflected by measurable changes in electrode kinetics.
For example the charge-transfer rate constant for ferrocene molecules tethered on the
top of a ~1nm-thick organic monolayer are indistinguishable between Si(111), Si(211)
and Si(110), despite these surfaces have very different surface conductivities (Figure

1.12b) 12541,

Finally, it is extremely important to remember that electrical conductivity and
electrochemical rate are not synonymous, and that increasing one is not necessarily
leading to a similar change in the other. A notable example are Cuz20 crystals, where
rates for methanol electro-oxidation are greater on (100) cubic particles than on
octahedral (111) crystals, despite the electrical conductivity being larger in the latter
[159] A rigorous comparison between the electrochemical activity of differently shaped
crystals is generally hindered by difficulties in exposing the materials under test to
exactly the same leading to a similar change in the other electrolyte, same pH, if dealing
with light-assisted reactions to the same illumination intensity, same active area and
same cell geometry. Such difficulties highlight the need of further developing
electrochemical imaging techniques to remove experimental ambiguity when

attempting a comparison between different facets of the same material *5%, As shown
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in Figure 1.13, specifically for the Cu20 case described above, cubes and polyhedron
can be simultaneously “imaged” electrochemically using a recently developed spatial
light modulator for redox microscopy, but equally valuable are rapidly progressing

SECM- and SECCM-based techniques [16% 1611,

Figure 1.13. Electrical conductivity and electrochemical rates are not strictly
related: lesson learnt from imaging redox reactions. (a) Electrochemical image
taken with a spatial light modulator (SLM) addressing sequentially square sections
(46 um pixels, 17 Hz) of a silicon photoanode coated with different Cu20O crystals.
Insets in (a) and the image in (b) are SEM data of the Cu20 electrocatalytic “lines”
under investigation for their ability to promote the electro-oxidation of methanol.
(c) A single channel potentiostat synchronized with the SLM records a current—time
trace as that in (c), and this trace is then reconstructed to give the 2D redox map of
(a). The time 0 s corresponds with the bottom-left pixel of the electrochemical image
in panel (a), and the time 59 s with the top-right pixel. The series of “spikes” in the
current transient data correspond to the time when the projected light passes over a
Cu20 “line”. The alternate high and low intensity current “spikes” relates to
different activities of cubic vs. polyhedral particles. Adapted from the study by Vogel
et al. [*59 https://iopscience.iop.org/article/10.1149/2.0111804jes/meta, under the
terms of the CC BY 4.0 license, http://creativecommons.org/licenses/by/4.0/.

1.6.1.4 Facet-dependent electro-adsorption reactions and crystal
shapes

Chemists, material scientists and engineers appreciate that the shape and size of an

inorganic particle can define its reactivity [l its catalytic behaviour 621 its ability to
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store or conduct charge (%% or its interactions with light [*64, Nonetheless, shape-
control of nanoparticles is often serendipitous, and most generally achieved by
chemical means (Figure 1.14a). Recently it was demonstrated that it is possible to use
surface electric fields to modulate anisotropic interactions between additives and
surfaces, hence predictably exploiting electrostatics to engineer the shape of

nanocrystals [152 1651,
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Figure 1.14. Tuning surface energy with bias-dependent anisotropic adsorption of
charged species: scope in redox lithography. (a) SEM data showing the change of
Cu20 crystal shapes for a constant electrolysis potential but with changes to the bulk
concentration of chloride ions. (b) Evolution of the crystal shape in response to an
increased anodic bias under a fixed chloride ions concentration. (c) Plots of the
“degree of cubicity” versus bias (or versus concentration, top x-axis) under constant
illumination based on a Langmuir isotherm (solid line). (d) SEM image of a “Mona
Lisa” pattern made of Cu20 nanocrystals. Using localized changed to light intensity
(micrometer scale lateral resolution) two sets of information can be encoded into the
same unit area: control over the polyhedral shape of individual nanocrystals and
their lateral spacing, hence enabling to harness facet-dependent halide electro-
adsorption to hide cryptic polyhedral signatures. (a—c) Adapted from the study by
Vogel et al.[**2 | copyright 2018, with permission from the American Chemical
Society. (d) Adapted from the study by Vogel et al. 1% copyright 2018, with
permission from Wiley-VCH.

There is a relationship between bias-dependent isothermal adsorption of halide ions and
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changes to the surface energy of Cu20 particles, hence their crystal shape (Figure 1.14b).
Most importantly, the sigmoidal nature of adsorption isotherms means that exceedingly
small changes to surface potentials can lead to drastic shape differences (Figure 1.14c).
This finding can explain the high cubicity reported for particle growing when hydrogen
permeates fuel cell membranes towards the cathode, as hydrogen preferentially adsorb
on the Pt(100) face (61, Further, as shown in Figure 1.14d, this knowledge was applied
to develop a non-contact, non-moving part, mask-free redox printing technology that
uses only simple assembly rules (voltages and local illumination density of a

semiconductor electrode) for anti-counterfeiting applications [,

It is a speculation, but not unreasonable, that as for the electrosynthesis of Cu20
particles described above, differences in the electroadsorption bias of charged species,
perhaps due to differences in the crystal’s potential of zero charge (pzc) 171, could
account for the remarkably different facet-specific rate in the electrografting of organic
cations on metals and semiconductors °l. As shown in Figure 1.15a, b, anisotropic
etching of Si(100) wafers with hydroxide-containing solutions leads to a textured
surface that exposes an array of Si(111) pyramids. In such a system, the presence or
absence, as well as the number and density of (111) facets on a Si(100) crystal can be
systematically adjusted. The reduction of a diazonium salt monolayer-forming
molecule (o-dianisidine bis(diazotized) zinc double salt, bis-diazo in short), followed
by its irreversible chemisorption, is favored on Si(111), with a ~200 mV separation
between two clear reductive waves visible in Figure 1.15c. As both facets are
simultaneously present on the same electrode, ambiguities potentially arising from a
drifting reference electrode are prevented. The answer to the question of whether
different rates are due to a favored adsorption of bis-diazo on Si(111) prior to the
electrochemical step, perhaps due to differences in pzc between Si(100) and Si(111), or
whether differences in surface conductivities are involved, will require further
experiments but is undoubtedly an overlooked phenomenon. What is certain is that
Si(111) pyramids are more conductive than the Si(100) plane from which the protrude
81 and that different facets of the same material can have significantly different pzc [*67:
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1881 Furthermore, electrical conductivity peaks on the pyramid apex, perhaps because a
relatively small amount of charge at the tip of an asperity leads to a large electric field
outside the solid %%, Whether electrochemical currents also peak at the convex
pyramid apex, and/or in proximity of the (111)—(100) planes intersection, where a
concave curvature should lead to a thinner space charge 7% as exploited in the

formation of porous silicon 711, remain also to be experimentally determined.
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Figure 1.15. Facet-dependent electro-grafting of organic films on textured
silicon. (a) SEM image of a Si(100) electrode exposing an array of Si(111)
pyramids. (b) AFM image of a single Si(111) pyramid protruding from a Si(100)
surface. (c) Electrochemical reduction wave for a CV recorded on the sample
whose SEM is presented in (a). The solution contained bis-diazo (1 mM o-
dianisidine bis(diazotized) zinc double salt, with 0.1 M BusNPFs in a 1:49 v/v
DMSO/ACN mixture) and the CV scan rate was 50 mV/s. (d) Facet-resolved
electrochemistry on transparent electrodes. Cathodic electrografting of an aryl
diazonium salt (NBD, 2 mM in acetonitrile with 0.1 M [BusN]BF4) through a cyclic
voltammetry experiment (50 mV/s) on either [-Gax03(201) (red trace) or p-
Ga203(010) (blue trace). (a—c) Adapted from the study by Peiris et al.,[”®] copyright
(2019), with permission from the American Chemical Society. (d) Adapted from
the study by Carroll et al.,[*"? copyright (2021), with permission from the
American Chemical Society.

A similar scenario to the facet-dependent bis-diazo electroadsorption described above
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has also been recently reported for a form of gallium(lll) trioxide, f-Gaz0s. This is a
semiconductor with an extremely high breakdown field, nearly 8 MV/cm, which is also
transparent, hence an actively investigated alternative to the more commonly used and
amorphous indium tin oxide %1, The monoclinic crystal structure of 5-Gaz0s is highly
anisotropic, to the point that for example its optical bandgap measured along the [010]
direction is 4.57 eV, while it reaches 4.71 eV along the [201]. In a recent and very
elegant study [172 Allen et al. have demonstrated that organic monolayers are a viable
means to predictably tune the band bending of f-Ga20s, to the point of achieving a
downward band bending for a material that is normally strongly depleted in electrons.
In this work there is clear implicit evidence of different crystal facets of f -Ga20s
leading to very different electrografting rates. As shown in Figure 1.15d, the
electrochemical grafting (reduction followed by chemisorption) of 4-
nitrobenzenediazonium (NBD) [as tetrafluoroborate salt] is faster on the (210) facet. It
remains to be explored whether the slower rate observed on $-Ga203(010) may be due
to the its higher electron affinity, and/or to the stronger upward band bending of the
(010) compared to the (201) facet [*74, or to differences in pzc between different facets

controlling a pre-adsorption step.

1.6.1.5 Facet-resolved transition metal phosphides and hydrogen

evolution reaction

Hydrogen is a clean and renewable energy source and its production by hydrogen
evolution reaction (HER) during water electrolysis is perhaps one of the most actively
researched electrochemical reactions. Both computations and experiments indicate that
the HER can be strongly facet dependent (6% 1731 Transition metal phosphides (TMP)
are non-precious metal compounds alternative to platinum. The relationship between
crystal facets and HER rates has been investigated on alternative crystallographic facets
of the same material: single crystals of iron-phosphide (FeP) and monoclinic nickel-

diphosphide (m-NiP2) 1781, Experimental results suggest that the anisotropy of the
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catalytic activity is a feature for HER on TMPs. For FeP, a metallic material, the most
active crystal facet was the (010), followed by (101), (111), and (011) is the least active
facet. For m-NiP2, a semiconductor, the (100) facet showed the highest activity, (121)
and (101) were a little lower in activity, and (111) was the least active. These data agree
well with DFT calculations, which indicate that the energy of H-binding is strongly
facet-dependent. Further, the experiments—calculations correlation is particularly
strong for H-binding energies on P on specific surface terminations, pointing to the
need of improving our ability to perform and map electrochemistry on single crystals
[176] An interesting consequence of these results is that they weaken the generally held
assumption, for transition-metal phosphides, of surface restructuring during the
reaction. If this was the case the structure of the bulk catalysts would not particularly

matter, as restructuring would occur in situ.

1.6.1.6 Summary and perspective

Assisted by recent developments in areas such as redox imaging 177 1781 spatially
resolved electrochemistry [ electrochemistry at the nanoscale [8% 81 and
electrochemistry in confined spaces [, there is a growing awareness of the anisotropic
catalytic activity of alternative facets of technological materials such as silicon, boron-
doped diamond, Cu20, GaAs, InN, Ag20, and B-Gaz0s [ 79 152-155, 160, 165] " Eacet-
resolved electrochemistry is developing rapidly, and it has already had a fundamental
and practical impact on semiconductor electrochemistry, redox lithography,
electrocatalysis, particle and film growth. There are mature theoretical models that can
explain the available experimental data, as well as guide the rational design of new
materials and optimized electrode surfaces that will contribute to the global challenge
of integrating renewable electricity into chemical manufacturing, that is, to
progressively replace conventional molecular reactants with electricity towards a

sustainable chemical industry.
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Chapter 2. Heterogeneous photocurrents explain
non-ideal cyclic voltammograms of redox
monolayers on silicon photoanodes

The content of this chapter is adapted from the paper published by the American Chemical
Society in Langmuir 2022, 38, 743—750, titled “Non-ldeal cyclic voltammetry of redox
monolayers on silicon electrodes: Peak splitting is caused by heterogeneous photocurrents and
not by molecular disorder”.

The paper is modified with minor changes in order to fit the general layout of this dissertation.
Copyright permissions for the use of this published material in the doctoral thesis is found in

the appendix section (Appendix A).

Electrical origin of electrochemical non-idealities

7 e P>

T —®
7 7 @ ' A)
> 3 ’

N NN NN

N \f \ g

ATEIIEE:

Chapter 1 has described how, over the past few years, research on redox active SAMs has
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demonstrated and consolidated their fundamental and applied scopes. Chapter 1 has explained
the analytical power of voltammetry in the study of charge transfer reactions. For mainstream
diffusionless redox monolayer systems, such as thiolate-based gold SAMs, disordered domains
often lead to multiple CV waves. With almost no exception the appearance of peak
multiplicities is taken as diagnostic sign of disorder in the molecular adsorbate. The
experiments and results of this chapter demonstrate that contrary to simpler metallic systems
(such as gold) in illuminated photoconductors peak multiplicity is more likely to be the

manifestation generated of heterogeneous photocurrents across the interface.
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2.1 Abstract

Over the last three decades, research on redox-active monolayers has consolidated their
importance as advanced functional material. For widespread monolayer systems, such
as alkanethiols on gold, non-ideal multiple peaks in cyclic voltammetry are generally
taken as indication of heterogeneous intermolecular interactions — namely disorder in
the monolayer. Our findings show that, contrary to metals, peak multiplicity in silicon
photoelectrodes is not diagnostic of heterogeneous intermolecular microenvironments
but is more likely caused by photocurrent being heterogeneous across the monolayer.
This work is an important step to understand the cause of electrochemical non-idealities
in semiconductor electrodes, so that these can be prevented and the redox behavior of

molecular monolayers, as photocatalytic systems, can be optimized.

2.2 Introduction

Chemical reactions that are coupled to charge transfer events — the realm of redox
chemistry — have wide-ranging ramifications across nature and are broadly exploited in
technology.™™ 2 The physical and chemical properties of the interface where a redox
reaction takes place govern both its thermodynamics and kinetics.-®! Gaining control
of the molecular features of electrode surfaces has therefore been pivotal in advancing
our understanding of heterogeneous redox reactivity.[®! Prompted by the 1980 work of
Sagiv on irreversible adsorption reactions of organic molecules on solids,[”! molecular
self-assembly on solid electrodes remains one of the principal laboratory resources in
the study of redox chemistry.[® ° Redox reactivity can for instance, be controlled by i)
engineering changes to the density of surface redox molecules, hence to intermolecular
interactions, X913 interfacial bonding™¥ and surface conductivity,!*® ii) by controlling
monolayer order,[*¢! and iii) by adjusting ion-pairing between redox entity and
electrolyte ions.'”] Research on the latter — the engineering of ion-pair interactions —
such as electrostatic interactions between surface ferrocenium molecules and soluble
anions (e.g. Fc + X~ s Fc*-X + e),[ 1720 js at the centre of the emerging

electrochemistry sub-field of “electrolyte engineering”. These interactions can be
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probed by dynamic electrochemical measurements — primarily cyclic voltammetry
(CV)2U _ during the process of studying kinetics and thermodynamics of an electrode
reaction.???%1 Through a CV measurement the magnitude and degree of such
interactions are often gauged by an analysis of the full-width-at-half-maximum (fwhm
hereafter) of oxidation and reduction current peaks, of peak positions, and of peak-to-
peak separation.['? 162 The common appearance of multiple waves is generally taken
as indication of these interactions being highly heterogeneous due to different causes,

being disorder one of the most frequent.

Herein we demonstrate that unlike for metallic electrodes (Figure 2.1a) in the
technologically relevant case of semiconductor photoelectrodes, it is not advisable to
make inferences on the heterogeneity of the redox environment, such as disorder and
local differences in Fc*—X vs Fc—Fc interactions,*”] based solely on the appearance of
multiple CV waves. We show that, in semiconductors the appearance of this non-ideal
CV feature — multiple waves for a one-electron redox reaction — does not require
molecular disorder across the monolayer, but is more likely caused by heterogeneous
photocurrent across the surface (Figures 2.1b and 2.1c). This is important because while
most of the research on interfacial redox reactivity still relies on alkanethiol chemistry
and gold substrates,?®! the field is rapidly expanding towards silicon electrodes.[
Silicon remains the technologically most relevant material,?’-3% and silicon surfaces
that are functionalized with organic monolayers have applications ranging from
sensing,l®2-%¢ chemical catalysis,! microscopy,®® 3% molecular electronics,“-4?1 and

data storage.[® 43441

All silicon electrodes used in this study were protected against major oxidation by an
hydrosilylation procedure, through which hydrogen terminated silicon was reacted
with a symmetrical o,c0-diyne (1,8-nonadiyne 1, Figure 2.1d).[61 The hydrosilylation of
diyne 1 with an hydrogen-terminated silicon surface results in an exceedingly stable
alkenyl linkage (Si—-C=C-)¥1in an ordered monolayer (M-1).14] The distal end of this

monolayer is an acetylene function, which permits the attachment of an azide-tagged
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ferrocene molecule (2, Figure 2.1d) via a copper-(l) catalyzed alkyne-azide
cycloaddition (CUAAC) reaction.[*® 5 The electrode doping type and level (p- and n-
type, highly and lowly doped, HD and LD hereafter), and the level of substrate
illumination (or lack of it) during the CV measurements were adjusted so to
demonstrate that multiple oxidation and reduction waves for surface confined redox
units are not linked to poor solvation and/or monolayer disorder, but instead caused by

heterogeneity in the substrate photocurrent.

2.3 Experimental section

2.3.1 Chemicals

Unless specified otherwise, all chemicals were of analytical grade and used as received.
1,8-Nonadiyne (1, Figure 2.1), 11-(ferrocenyl)undecanethiol (95%), H202 (aqueous
hydrogen peroxide, 30% wi/w), H2SO4 (sulfuric acid, 95-97%), NHsF (aqueous
ammonium fluoride, 40%), (NH4)2SO3*H20 (ammonium sulfite monohydrate, 92%),
HCI (hydrochloric acid, 35-37%) were purchased from Sigma-Aldrich and used for
cleaning, etching, and modifying silicon wafers. Redistilled dichloromethane (DCM),
propan-2-ol and ethanol were utilized for substrate cleaning and monolayer-forming
procedures. Milli-Q water (>18 MQ cm) was used for substrate cleaning and
modification and to prepare electrolytic solutions. Azidomethylferrocene (2, Figure

2.1d) was synthesized following a previously reported procedure.[“é!

2.3.2 Silicon and gold crystals

Silicon wafers were of prime grade, single-side polished, prepared through the
Czochralski process and purchased from Siltronix, S.A.S. (Archamps, France). Highly
doped n-type Si(111), referred to as HD, was (111) +0.5<phosphorous-doped, with a
thickness of 500 =25 pm and with a resistivity of 0.007-0.013 Q cm. Lowly doped
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Si(111), referred to as LD, was (111) £0.5< 7-13 Q cm, phosphorous-doped, 500 +25
pm. Highly doped p-type Si(111) was (111) +0.5< boron-doped, 500 £25 pm. Lowly
doped n-type Si(100) was (100) +0.5< phosphorous-doped, 500 £25 pm and 8-12 Q
cm. Gold single crystal electrodes (Au(111), 99.999%) were polished on one side to 1
um or better, flame-annealed prior to use, and purchased from Goodfellow

(Huntingdon, England).

2.3.3 Silicon surface modification

Before any chemical modification, samples were cut into squares of 1 <1 cm, rinsed
with DCM, propan-2-ol, and water. Samples were then immersed for at least 30 min in
hot piranha solution [100 °C, a 3:1 mixture (v/v) of concentrated sulphuric acid (95—
97%) and hydrogen peroxide (30%)]. Samples were then rinsed with water and
immediately transferred to a degassed (by means of bubbling argon gas for more than
30 minutes) aqueous 40% solution of NHsF. This etching solution contained a trace
amount of ammonium sulphite (ca. 2 mg) added as oxygen scavenger. The silicon
etching in the NH4F solution for 9 min, rinsed with copious Milli-Q water and DCM
and then immediately reacted with 1,8-nonadiyne (which is degassed with nitrogen for
30min). The liquid sample of a, ®-diyne (ca. 50 ) was dropped on the hydrogen-
terminated silicon surface and then irradiated under UV light for 2 hours under nitrogen
atmosphere (A = 312 nm, purchased from Vilber, VL-215.M, nominal power output of
30W, set approximately 20 cm away from the silicon sample). The silicon substrates
modified with monolayers of 1,8-nonadiyne were then rinsed three times with propan-
2-ol and kept for 12 h in a reaction vial under DCM before the CUAAC surface
modification step. The CUAAC reaction was performed as follows: to a reaction vial
containing the alkyne-terminated substrate were added 5 mL of azidomethylferrocene
solution (2, 0.5 mM in in a propan-2-ol and water mixture, 1:1, v/v), sodium ascorbate
(100 mol % relative to the azide) and then copper (I1) sulphate pentahydrate (20 mol %

relative to the azide). The reaction was carried out at room temperature in dark and
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quenched by decanting the reaction solution after 40 min (unless specified otherwise).
The electrodes tethered with ferrocene molecules (M-2, Figure 2.1d) were immediately
rinsed with copious amounts of propan-2-ol, water, 0.5 M aqueous hydrochloric acid,
water, propan-2-ol, dichloromethane, blown dry under nitrogen and kept under DCM

before analysis.

2.3.4 Gold surface modification

Au(111) crystals were annealed in a butane gas flame to yellow color and then
quenched in DCM. The crystals were then transferred to an ethanolic 1.0 mM solution
of 11-(ferrocenyl)undecanethiol, and rested in this monolayer-forming solution for 24
h. The modified electrodes were then rinsed with copious ethanol and immediately

analyzed.

2.3.5 Electrochemical measurements

Cyclic voltammetry (CV) experiments were carried out with a CHI650D potentiostat
(CH Instruments, Austin, Texas) using a three-electrode and single-compartment
polytetrafluoroethylene custom cell. The modified silicon substrate (M-2) or the
Au(111) crystal coated with a self-assembled monolayer of 11-
(ferrocenyl)undecanethiol served as the working electrode, a platinum mesh as the
counter electrode, and a Ag/AgCl (3.0 M NaCl) electrode as the reference electrode. A
circular Viton gasket defined the geometric area of the working electrode to be 0.28
cm?, and Ohmic contact between the back of the silicon sample and a copper plate was
obtained by gently scribing the back of the electrode with emery paper before applying
on it a small amount of the gallium—indium eutectic. Unless specified otherwise, the
electrolyte was aqueous 1.0 M perchloric acid (HCIO4). All measurements were carried
out in air at room temperature (22 +=2<C) and under either dark or red light. The red

light was a collimated deep red LED (660 nm, nominal power output 1050 mW,
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Thorlabs part M660L4 coupled to a SM1P25-A collimator adapter) illuminating the
silicon electrode through the electrolyte. The collimator—sample distance was
approximately 7 cm. The LED current was adjusted in six levels (LEDD1B, Thorlabs)
to yield the following light intensities measured at the silicon surface: level 1, 1.0 mW
cm2; level 2, 2.9 mW cm?; level 3, 4.7 mW cm2; level 4, 11.1 mW cm™2; level 5, 24.1
mW cm~2; level 6, 29.9 mW cm2 (the illuminance was measured with a light meter
from Amprobe, IC-LM-200 and the Ix output was subsequently converted to mW cm
assuming 1 Ix = 0.0024 mW cm~2). Simulations of the voltammograms were performed
in Wolfram Mathematica (Version 11) using a previously reported model.[% All
reported potentials are relative to the reference electrode. Surface coverages (/') of
ferrocene molecules on silicon substrate were reported in mol cm~2 and calculated from
the faradaic charge taken as the background-subtracted integrated current from the
anodic scan of the voltammograms.% 521 Electrochemical impedance spectroscopy
(EIS) data were collected between 10° Hz and 10™! Hz, at an applied working electrode

DC potential, Eqc, equal to —0.5 V and with an AC perturbation of 15 mV.

2.3.6. Atomic force microscopy

Current—potential curves (I-Vs) for the monolayer-modified silicon samples were
recorded using a ParkNX10 atomic force microscope (AFM) (Park Systems
Corporation, Suwon, Korea), operated in conductive mode. The AFM tips were made
of solid platinum (12 Pt300B, Rocky Mountain Nanotechnology, Holladay, UT) and
had a nominal resonance frequency of 9 kHz and a nominal spring constant of 0.8 N/m.
All the AFM data were analyzed with image processing software XEI 4.3.4 developed
by Park Systems Corporation. The [-V traces were sampled at 100 separate locations.
When comparing leakage current differences, we neglected traces that reached current

saturation.
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Figure 2.1. a) Schematic representation of a heterogeneous (ordered/disordered
regions) monolayer-coated gold electrode, and (right) a typical cyclic
voltammogram recorded on a single-crystal gold electrode modified with a
monolayer of 11-ferrocenyl-1-undecanethiol (Au(111); 100 mV/s, 1.0 M HCIO4). b)
Schematic depiction of a monolayer-coated silicon electrode, and near-ideal cyclic
voltammetry (right) acquired on a highly doped silicon electrode coated with a
ferrocene monolayer (0.007—0.013 Q cm, p-type, Si(111); 100 mV/s, 1.0 M HCIO4).
¢) Schematic depiction of heterogeneous photocurrents across a silicon photoanode
(1.0 mW cm—2), and experimental evidence of peak-splitting in cyclic voltammetry
(right) using a lowly doped silicon photocathode coated with a ferrocene monolayer
(8-12 Q cm, n-type, Si(111); 100 mV/s, 1.0 M HCIO4). d) Chemical strategy used
for the passivation and derivatization of the hydrogen terminated silicon surface. The
UV-assisted hydrosilylation of 1 on Si—H generates an alkyne-terminated surface (M-
1), which is subsequently reacted with azidomethylferrocene (2) through a CuUAAC
reaction, yielding a redox-active monolayer (M-2).

2.3.7. Water contact angle

Measurements of the sessile water contact angle were performed on a CAM 101 optical
contact angle meter (KSV Instruments Ltd., Finland). Measurements were conducted
on three independently prepared and analyzed samples of each doping level, with four

separate spots measured on each sample. The reported value is the arithmetic average
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of the 12 measurements. Data were analyzed using the KSV CAM Pendant Drop

Surface Tension software (3.81).

2.4. Results and discussion

The appearance of multiple CV waves when single-crystal metallic electrodes are
derivatized with redox monolayers is a relatively common observation.'” This non-
ideal electrochemical behavior is caused by disorder and heterogeneity of the redox
environment,™ but as expected when dealing with a metal, these are not linked to any
photoeffect (Figure Al, Appendix). Because peak multiplicity in gold manifests
generally only for high surface densities of the redox molecule under study,?% 24 pefore
exploring the conditions necessary for the systematic appearance of multiple redox
waves in silicon, we first tested to which degree the surface coverage of ferrocene units
is reproducible as well as independent on the silicon crystal orientation and doping. As
shown for example in Figure A2 (Appendix A), the faradaic charge obtained by
integrating CV curves for M-2 samples prepared on either Si(111) or Si(100) was not
affected by doping level and type [(1.99 +0.84) x107'° mol cm™2, Si(111), LD, n-type;
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Figure 2.2. Doping level and type and ideality of the redox response. a)
Representative and close-to-ideal cyclic voltammogram (CV) recorded for a M-2
sample prepared on HD, p-type Si(111) (100 mV/s, 1.0 M HCIO4, dark, I" = 1.64 %
1071° mol cm~2). b) Plot of current peak values (anodic waves) vs voltage scan rate
(the error bars indicate the 95% confidence interval of the mean). c) A representative
CV for a M-2 monolayer grafted on a Si(111), n-type, LD photoanode, showing an
evident non-ideal peak splitting (100 mV/s, 1.0 M HCIOa4, electrode illuminated at a
light intensity of LO MW m™, I = 1.95 x 1071 mol cm?).
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(1.44 £0.23) 107" mol cm™ Si(100), LD, n-type; (1.94 +0.26) x107'° mol cm,
Si(111), HD, p-type].

Furthermore, as can be seen from the data in Figure 2.2a, the current response from M-
2 samples upon cyclic bias ramping is of very good quality. Voltametric data presented
in Figure 2.2a are obtained on p-type HD silicon operating in accumulation, so to
prevent space-charge effects.[® The CV waves had a fwhm of 115 +3 mV, and the
presence and absence of illumination had no effect on the peak broadness (Figure A3,
Appendix A). The ideal fwhm expected from the Langmuir isotherm of a Nernstian
process should be 90.6 mV, hence our experimental values are larger than ideal, which
is not unusual,®® and often explained as repulsive interactions between the
electroactive species.l®® The peak current varied linearly with the voltage sweep rate,
which confirms a surface-confined process (Figure 2.2b and Figure A4, Appendix A).
The exact same monolayer system (M-2) when prepared on n-type silicon of low
doping [LD, Si(111)], showed however a far from ideal voltammetry (Figure 2.2c). As
indicated above, surface coverages did not vary between substrates of different doping
level and type, hence the M-2 samples of Figure 2.2c are likely to have the same level
of monolayer packing and order as the more ideal samples of Figure 2.2a. The only
difference is that the system of Figure 2.2c is a photonanode. (LD, and n-type),
requiring biasing of the silicon electrode—electrolyte interface into depletion to trigger
the redox chemistry of ferrocene.?> %6571 This is because the ferrocene apparent formal
potential lies anodic of the electrode’s flat band potential, > and therefore electrode
illumination is required to overcome the substantial Kinetic barrier (Figure A5,
Appendix A). These photoanodes showed, as expected, a “contra-termodynamic” shift
characteristic of a process mediated by valence-band holes (Figure A6, Appendix A),
but more interestingly they can display a very pronounced voltametric peak splitting
(Figure 2.2c) at low light intensity. As stressed above, this double-peak feature, absent
in HD p-type (Figure 2.2a), is unlikely related or caused by monolayer disorder, or by
heterogeneous ion-pairing. As a further proof of this last remark, the two peaks

progressively merged into a single band upon a simple increase in light intensity (Figure
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2.3a) despite illumination alone having no effect on the degree of monolayer order
(Figure A1 Appendix A). Such an effect is partially masked at larger scan rates (Figure
A7, Appendix A). To further reinforce on the order of the monolayer, electrochemical
impedance data, acquired at an Eqc offset sufficiently different from the ferrocene
apparent formal potential, showed that at low frequencies the phase angle approaches
—90°, indicating that all samples are relatively free of imperfections (Figure AS,
Appendix A). We also remark that the appearance of the double-peak feature is still
evident in samples of lower coverage (Figure A9, Appendix A), where lateral
interactions become even less likely. Furthermore, no significant difference in the water
contact angle was found between M-2 samples prepared on either n-type or p-type
substrates (68<x4< LD n-type; 67°x£2< HD p-type), suggesting substrate doping is

unlikely to have an effect on the monolayer structure.

As evident from the data in Figure 2.3a, two well resolved waves separated by
approximately 190 mV at low light intensity (1.0 mW cm™2), progressively merge into
a single broad wave as the light intensity was increased (up to ~24.1 mW m™2). Peak
deconvolutions shown in Figure A10 (Appendix A) indicate that the faradaic charge of
the individual contributions did not vary with illumination, while peak positions shifted
progressively cathodic with increased irradiation. The origin of this shift is well known,
and is the result of a logarithmic dependence of the electrode open circuit potential
(Eocp) on dark leakage current and photocurrent.®®! The I-E relationship for a cyclic
voltammetry experiment, when interactions of the attached redox species (in the
oxidized, O, and reduced, R, forms) are not negligible, was developed by Laviron
assuming a Frumkin isotherm.® %91 The Frumkin self-interaction parameter G was
adjusted in our model (Figure 2.3b),[% %% as changes to G account for the imbalance in
the electrostatic push/pull, forcing the voltammetric wave to broaden or narrow when
the activities of the reduced and oxidized species do not follow their surface
concentrations.?®! Larger repulsive interactions (a more negative G, see Figure 2.3b)
are probably experienced by surface ferrocene units sensing a smaller photocurrent

(more anodic Eoce, vide infra). The G parameter is purely phenomenological and no
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Figure 2.3. Peak multiplicity on Si(111) photoanodes: experiments and simulations.
a) Progressive disappearance with increasing light intensity of the peak multiplicity
characteristic of voltammograms recorded on silicon photoanodes. The electrodes
are LD, n-type Si(111) crystals modified with a M-2 monolayer. The level of
electrode illumination is specified by labels to the CV traces. The electrolyte was 1.0
M HCIOs, and the scan rate 0.1 V/s. b) Simulation of the CV trace recorded at the
lowest light intensity, demonstrating that the key feature of the experimental data, a
188 mV peak-to-peak separation, can be accounted for as surface domains with a
1,500 fold difference in photocurrent (larger photocurrent for the blue dashed trace).
The self-interaction parameter, G, necessary to reproduce the experimental fwhm, is
negative, indicating repulsive molecular interactions for ferrocenes in both domains
(—1.4, red trace; —0.6, blue trace). Best fit parameters are 10 s™* for the electron
transfer rate constant, 1 A for the dark leakage current, unity for the diode quality
factor, and 0.5 for o.
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attempt is made to describe the nature of these interactions. Whether these interactions
are a cause, an effect, or not linked to the magnitude of the surface photocurrent is at

present unclear.

We therefore hypothesize that the two CV bands clearly visible at low levels of
illumination on Si(111) photoanodes relate to a heterogeneous electrode Eoce, most
likely the result of differences in local photocurrents (Figure 2.3b). Shifts in the
experimental “macroscopic” Eocp with changes to the light intensity are well
documented for both photoanodes and photocathodes, 3 571 but the possibility of a local
heterogeneity of this shift within a given sample is generally neglected. Simulations
where the photocurrent was varied by a factor close to 1,500 could reproduce the
experimental peak-to-peak separation (Figure 2.3b). Surface defects introducing energy
levels in the band gap are a possible cause of heterogeneous “wet” photocurrents, and
such defects should manifest as a degree of heterogeneity in “dry” electrical leakage
currents, that is, large local differences in the dark leakage current across the sample
should parallel the appearance of CV peak multiplicity. On a photoanode, an increase
in dark leakage (not necessarily an electrochemical process) causes a progressive
anodic shift of Eoce!?® (Figure Al11l, Appendix A) and electrical mapping of dry
junctions did support the existence of a significant difference in leakage across a given
sample. |-V data acquired by conductive atomic force microscopy (C-AFM), shown in
Figure 2.4, highlight such heterogeneity in leakage current (which in turn affect the
forward bias), with the largest experimental variation being ~400 folds at a bias of 0.6
V. 1-Vs were sampled from 100 locations across the sample (Figure 2.4 and Figure
A12, Appendix A) and it is probable that at forward biases larger than 1.6 V the scatter
in the current leakage is even larger, but as can be seen in Figure 2.4 above this bias
several traces are already beyond the range of the current amplifier. This current
saturation is however not a serious shortcoming as a comparison between electrical and
electrochemical experiments is meaningful at a significantly lower bias. To select the
sample bias at which a comparison between the “dry” leakage current, sampled at

different microscopic locations, becomes valuable in attempting to explain the
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macroscopic “wet” CV response, we first assessed the “wet” flat-band potential, Ers,
of the electrode—electrolyte interface. Ers was estimated from EIS Mott-Schottky (MS)
measurements of capacitance vs sample bias. MS measurements shown in Figure A13
(Appendix A) suggest a Ers of ~ -0.57 V vs Ag/AgCI. Considering that the apparent
formal potential of the Fc/Fc* couple in dark is ~0.35 V, there is therefore a ~ 0.92 V
gap between the onset of accumulation and the apparent formal potential. In the
electrical “dry” measurements (I-V) the magnitude of the leakage current scatter across
a macroscopic sample (Figure 2.4) was therefore evaluated at a junction voltage of 0.92
V, being this the “dry” bias that best matches the 0.92 V “wet” gap described above
(the flat-band of the silicon—platinum junction was estimated to be around 0 V, i.e.,
where the current generally starts its exponential rise). At this sampling point, the
largest difference in leakage was 204 folds, which is smaller than the 1000 folds
difference in dark reverse current suggested by the model as required to account for the
experimental CV peak separations if the photocurrent is unchanged (Figure All,

Appendix A). It is therefore most likely that the experimental peak splitting is almost

Pt

monolayer“\ /\E?
10 4 Si -—/M’

Current / nA

Bias / V
Figure 2.4. Lateral electrical heterogeneity. Current—potential (I-V) curves
acquired by C-AFM on M-1 samples (LD, n-type Si(111)) and measurement
schematics of the platinum—monolayer—silicon junction. The bias routing is from the
substrate to the AFM tip, so that the reverse current (leakage) of the junction appears
in the positive quadrant (positive current, positive bias).
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entirely caused by a heterogeneous photocurrent across the macroscopic monolayer
system as in fact changing the illumination intensity minimize the splitting (Figure 2.3).
A dependency of photocurrent on the reverse dark leakage is not unprecedented, % and
therefore, the cause of photocurrent heterogeneity is probably rooted in the broad
variability of the latter. Future measurements of lateral heterogeneity in the degree of
Fermi-level pinning,[% 2 for instance, by harvesting the latest developments in light-
addressed potentiometric sensors, % could be used to advance our understanding of

the silicon—electrolyte interface.

2.5 Conclusions

A complete and correct understanding of the factors governing how charges are
transferred across a semiconductor interface underpins the design of devices whose
function span from converting light into electricity to sensing their environment.
Among these factors, a key one is the apparent formal potential of surface confined
redox reactions. When a scientist and engineer require an analytical tool for such
measurement, cyclic voltammetry still reigns supreme. Chemists, material scientists
and engineers encountering non-ideal shapes and positions in voltammograms of
electrodes modified with molecules are often inclined to reject these features as disorder
in the adsorbate layer. Here we have shown that at monolayer-modified crystalline
silicon electrodes, multiple voltammetric waves are not necessarily diagnostic of
molecular disorder, but instead caused by heterogeneous leakage (reverse bias) currents
across the monolayer system. The leakage heterogeneity, probed by C-AFM, causes
photocurrents to vary across the sample and hence brings about changes to the local

Eocp, which finally manifest as multiple redox bands.
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Chapter 3. Reversible Silica-Silicon Redox

Chemistry at Highly Conductive Si(110) Defects

This chapter is adapted from the paper published in J. Am. Chem. Soc. 2021, 143, 1267-1272,
titled “Common Background Signals in Voltammograms of Crystalline Silicon Electrodes are
Reversible Silica-Silicon Redox Chemistry at Highly Conductive Surface Sites”.

The paper is modified with minor changes in order to fit the general layout of this dissertation.

Copyright permission of reprint with reusing in the doctoral thesis is attached in the appendix

=

reversible silica/silicon
% redox chemistry

section.

Inspired by the results presented in Chapter 2, this chapter identify the origin of a commonly
found parasitic voltammetric signal. A minor but constantly present set of reversible waves are
the reversible conversion of silicon to silica at room temperature on highly conductive crystal
defects. This is important because whereas for metal and carbon electrode entire incidental
voltammetric peaks have been elucidated and discerned, recurrent parasitic peaks in
voltammograms of silicon electrodes are unaccounted for. The data of this chapter explain how
to reproducibly obtain and magnify these parasitic peaks and give an explanation of their origin.
The results of this chapter are a significant contribution towards a more complete understanding
of the electrochemistry and surface chemistry of crystalline silicon electrodes and redefine
(restrict) the potential range which is free from to parasitic signals, and which is therefore of

analytical value in the context of using voltammetry to study surface reactions on silicon.
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3.1 Abstract

The electrochemical reduction of bulk silica, due to its high electrical resistance, is of limited
viability, namely requiring temperatures in excess 850 <C. By means of electrochemical, and
electrical measurements in atomic force microscopy, we demonstrate that at a buried interface,
where silica has grown on highly conductive Si(110) crystal facets, the silica—silicon
conversion becomes reversible at room temperature and accessible within a narrow potential
window. We conclude that parasitic signals commonly observed in voltammograms of silicon
electrodes originate from silica—silicon redox chemistry. While these findings do not remove
the requirement of high temperature towards bulk silica electrochemical reduction, they
however redefine for silicon the potential window free from parasitic signals, and as such,
significantly restrict the conditions where electroanalytical methods can be applied to the study

of silicon surface reactivity.

3.2 Introduction

Cyclic voltammetry still reigns as the main form of electrochemical spectroscopy.!!
From electrocatalysis, to sensing and corrosion, this straightforward current—potential
measurement is a widespread tool for studying redox reactions at solid-liquid
interfaces.?! For both metals and semiconductors,®®! and for diffusive and diffusion-
less systems,I”-® kinetic, mass transport and thermodynamic parameters of redox
reactions are readily obtained from the analysis of voltammetric currents (peak
positions and intensities).[*"!

Owing to the simplicity of recording current magnitude against time (charges), chemists
and surface scientists routinely turn to Coulomb values extracted from cyclic
voltammograms to monitor the progress and estimate yields of surface reactions.[® 1*-
131 Even the chemisorption of just enough molecules to results in a fractional monolayer
(e.g. <0.1 ng cm2) generally leads to currents well above the noise of basic commercial
potentiostats.[*618 This aspect makes voltammetry one of the most sensitive analytical

techniques for studying the reactivity of surfaces.!**!
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Silicon remains the technologically most relevant semiconductor, and research is
constantly expanding the pool of reactions targeting its surface.?® 211 However, the
power of voltammetry, when applied to silicon surface science, hinges around a correct
understanding of background current signals. While for platinum, gold and carbon, all
common adventitious voltammetric signals have been explained and assigned,[??
recurrent parasitic signals observed for silicon electrodes remain unexplained.

Several published reports, dealing with the surface reactivity of silicon crystals, carry
clear evidence of a pair of adventitious redox waves, either disregarded, or tentatively
associated with the adsorption of a target molecule.[?261 Herein we demonstrate how
to systematically reproduce and amplify this parasitic signal. We bring evidence of this
signal being the reversible electrochemical conversion of silica to silicon, taking place
at the buried silicon-silica interface in correspondence of ubiquitous highly conductive

crystal defects.

3.3 Experimental section

3.3.1 Materials

Unless noted otherwise, all reagents were of analytical grade and utilized without
further purification. Sodium chloride (NaCl), sodium perchlorate (NaClOa),
tetrabutylammonium perchlorate (TBACIOa4), sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl] borate (NaBARF), perchloric acid (HCIOa4) were purchased
from Sigma Aldrich. Redistilled solvents and Milli-Q water (>18 MQ c¢m) were used
for substrate cleaning, surface modification procedures and to prepare electrolytic
solutions. Prime grade single-side polished Si(111) wafers ((111)40.5< n-type,
phosphorous-doped, 500-550 um thick, 7-13 Q cm) were purchased from Siltronix,
S.A.S. (Archamps, France) and cut into squared samples of 1 <1 cm in size. Samples
were washed extensively with dichloromethane, isopropanol and water, then immersed
for 20 min in hot piranha solution (100 °C, the solution is a 3:1 (v/v) mixture of
concentrated sulphuric acid and 30% hydrogen peroxide). Samples were then rinsed

with water and immediately transferred to an argon-saturated 40% aqueous ammonium
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fluoride solution, to which traces of ammonium sulphite are added as oxygen
scavenger. The silicon wafers were etched in the fluoride solution for 9 min, rinsed with
copious water and dichloromethane, and then blown dry with argon before the dropping
of a small deoxygenated sample of 1,8-nonadiyne (ca. 50 pl) on the wafer.[> 271 The
liquid sample was contacted with a quartz slide to limit evaporation, rapidly transferred
to an air-tight reaction chamber where a UV light source (Vilber, VL-215.M, A = 312
nm, nominal power output of 30 W and positioned approx. 200 mm away from the
silicon sample) illuminated the sample for 2 hours. The acetylene-functionalized
samples were then removed from the reaction chamber, rinsed several times with
dichloromethane and rested in a sealed vial under dichloromethane at 4 <C for 8 h. To
expose (110) facets, Si (111) wafers were cleaved using as reference the (110) lap
marked by the supplier, and then etched and reacted with 1,8-nonadiyme following the

above procedure.

3.3.2 Electrochemical measurements

All electrochemical experiments were performed using a CHI650D electrochemical
workstation (CH Instruments, Austin) and, unless specified otherwise, a three-
electrode and single-compartment PTFE cell. In the cyclic voltammetry experiments,
diyne-modified silicon wafers were used as the working electrode, a platinum mesh as
the counter electrode, and an Ag/AgCl (in 3M NacCl) electrode served as the reference
electrode. All potentials are reported against the reference electrode. A circular Viton
gasket defined the geometric area of the working electrode to 0.28 cm?. For the
hanging-meniscus experiments in (Figure 3.5 in the main text), the active area of the
(110) facet was determined by capacitance measurements. In all cases an ohmic contact
between a copper plate and the working electrode was ensured by gently scribing with
emery paper the electrode before applying a small amount of gallium—indium eutectic.
Surface coverages are expressed in mol cm™ and are calculated from the faradaic
charge taken as the background-subtracted integrated current from the anodic scan of
the voltammograms. All electrochemical experiments were performed in air at room
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temperature (22 =2 <C), and under ambient illumination. Control experiments shown
in Figure B1 (Appendix B)were performed with monolayer-coated n- and p-type
(phosphorous- and boron-doped) wafers of different level of doping (prime grade
single-side polished Si(111) wafers (<111>%0.5°), 500-550 um thick, Siltronix). The
resistivity specified by the manufacturer was 0.007—0.013 Q cm (referred to as highly
doped, n- or p-type), and 8-12 Q cm (lowly doped p-type).

3.3.3 Atomic force microscopy measurements

Atomic force microscopy (AFM) experiments were conducted on a Bruker Dimension
atomic force microscope, in air and at room temperature. The ICON head module was
used for topography measurements, and the Bruker PeakForce Tunneling AFM (PF-
TUNA) module was used to acquire current—voltage (I-V) data. AFM data were
analyzed with Nano Scope 1.9. For topography measurements the resolution was set to
512 points/line, and the scan rate to 0.5 Hz. Silicon nitride AFM tips were used to probe
sample topography (TESPA-Bruker AFM probes, with spring constant of 20 N m™1),
while conductive platinum tips from Rocky Mountain Nanotechnology (25Pt300B,
with a spring constant of 18 N m™!) were used to measure I-V characteristics. I-V
curves were acquired with the peak force set to 2.5 nN and a current gain of either 10
nA/V or 100 nA/V. The bias routing is from the substrate to the tip, with the tip being
grounded, so that in the figures and in the text the forward current of the junctions is
appearing in the negative quadrant (negative current, negative bias). I-V curves were

taken at a voltage sweep rate of 8.26 V/s.

3.3.4 X-ray photoelectron spectroscopy measurements

X-ray photoelectron spectroscopy (XPS) measurements were acquired by an AXIS
Ultra DLD spectrometer (Kratos Analytical Ltd, Manchester, UK) with a
monochromatic Al Ko source (1486.7 eV), an hemispherical analyzer, and
multichannel detector. Spectra were recorded in normal emission with pressure in the

sample chamber below 9 <10~ Torr, and with a spot size of approximately 300 <700
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pm. The angle of incidence was set to 90° to the sample surface. All energies are
reported as binding energies in electron volts (eV) and referenced to the Si 2ps/2 signal
(corrected to 99.5 eV). The survey scans were conducted over 1100-0 eV range, with
a step size of 1 eV, a dwell time of 100 ms, and an analyzer pass energy of 160 eV.
High-resolution (narrow scans) data were collected with a step size of 0.1 eV, a dwell
time of 1500 ms and an analyzer pass energy of 40 eV. XPS spectral analysis were
processed in CasaXPS software (Casa Software Ltd., UK). Analysis of the spectra
involved background subtraction using the Adjustable routine and nonlinear fittings
with Gaussian-Lorentzian (GL) line shape functions. All peaks detected in the Si 2p
narrow scans were fitted to functions having 95% Gaussian and 5% Lorentzian
character. The Si 2p12 and Si 2ps/2 spin—orbit-split signals were best fitted by two bands
located ~0.6 eV apart, and by setting their full width at half maximum (fwhm) to 0.6
eV. The Si 2pu2 to Si 2pss2 peak area ratio was fixed to 0.51.181 The shift towards larger
binding energies for the spectral contributions arising from Si®-Si® oxides were set,
relative to the bulk elemental silicon signal (Si©, 99.8 eV, centre of the Si 2p12 and Si
2par2 peak positions) to +0.95 eV (Si®, fwhm 0.9 eV), +1.75 eV (Si®, fwhm 1.2 eV),
+2.48 eV (Si®, fwhm 1.3 eV), +3.90 eV (Si®, fwhm 2.3 eV).?®] The fractional
coverage of SiOn in the oxidized samples was estimated from the Si®/Si® to Si 2p peak

area ratio.[?®!

3.4 Result and discussion

Figure 3.1 illustrates the process of deliberately oxidizing a monolayer-coated, oxide-
free,[?71 Si(111) surface in aqueous 1.0 M HCIO. This is an exceedingly common
electrode—electrolyte system for silicon electrochemistry,-%21 and when we first
ramped the voltage, from —0.5 V to a relatively low anodic vertex of 0.0 V, nothing
unexpected appeared in the current trace (Figure 3.1a). Raising the anodic vertex from
0.0 to 1.0 V led again, at a first look, to a featureless voltammogram, with the only
exception of a steep rise in current which is generally associated with the oxidation of
either the substrate or the solvent (Figure 3.1b). However, a closer inspection of the
trace in Figure 3.1b indicates the appearance of a surface-confined cathodic wave,
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Figure 3.1. Cyclic voltammograms of 1,8-nonadiyne-modified Si(111) electrodes.
The electrode voltage is ramped from an initial —0.5 V to an anodic vertex, set to
either 0.0 Vin (a), or to 1.0 V in (b). (c) Color-coded magnified views of the first
three sequential voltammetric cycles (six segments) shown in (b). The voltage scan
rate is 0.1 V/s, and the electrolyte is aqueous 1.0 M HCIOa.

labelled as 1 in the return segment of the first cycle (Figure 3.1c). This wave is coupled
to a new anodic signal, evident in the third segment (2). These new signals increase in
size, and shift anodically, upon further cycling (waves labelled as 3-5 in Figure 3.1c).
These waves are therefore associated with anodic damaging of the electrode, that is, the

appearance of silica on its surface. Figure 3.2 shows the changes to the
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Figure 3.2. XPS narrow scans of the Si 2p region acquired (a) before, and (b—f) after
having deliberately introduced an anodic damage to 1,8-nonadiyne-modified Si(111)
n-type (7—13 ohm cm) electrodes. The anodic process consisted in cyclically ramping
the potential of the working silicon electrode from an initial —0.5 V bias to an anodic
vertex set to 1.0V, and then back to —0.5 V (one cycle). Spectra in (b), one cycle; (c),
two cycles; (d), three cycles; (e) five cycles; and (f), 10 cycles). The electrolyte was
aqueous 1.0 M HCIOa. The black thick curves are the experimental XPS data (108—
92 eV), while the four thin traces (105-95 eV) are the fitted contributions ascribed
to Si® & Si™, Si®, and elemental silicon (Si 2p1/2, and Si 2p2s3). The red trace is the
sum of all refined peaks. The fraction of oxidized Si surface atoms is estimated to be
0 (a), 13.75% (b), 15.44% (c), 23.21% (d), 40.35% (e), and 65.07% (f). The
distribution of silicon over its oxidation states is quite interesting, and for example
as also observed by Cerofolini and co-workers,[?] there is absolute absence of Si®
species and an anomalously high fraction of Si®). It is therefore possible that the
+0.95 eV (Si®) shoulder on the high binding energy side of the main Si 2p peak also
includes emissions from silicon bound to hydrogen.* The quality of the fitting was
improved by merging the Si® and Si® contributions into one single band of
intermediate character between +2.48 eV (Si®) and +3.90 eV (Si®).

XPS Si 2p region as the anodic process evolves, revealing the appearance of
photoemissions at binding energies larger than ca. 100 eV, which are assigned to SiOn
species (silicon in the oxidation state n, 1 < n < 4) using the spectral deconvolution
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proposed by Himpsel.[?> 31 From the above results we infer that the background
reversible redox peaks, of which we are trying to define the origin, are most likely
related to silicon oxides. This is surprising, since the reduction of silica requires
normally very harsh conditions (high temperatures and molten salts electrolytes, vide
infra).34%61 Further, these waves reflect an irreversible chemical change of the
electrode, as opposed to a simple capacitive process. Data in Figure B2 ( Appedix
B)show that the surface-confined redox couple formed upon the anodic excursion to
1.0 V is remarkably stable to prolonged potential cycling. Its surface density, estimated
under the assumption of a one-electron redox reaction,®” 31 is (2.34 +0.68) <1072 mol
cm2, which is equivalent to about 0.1% of the surface atoms density of an ideal Si(111)

surface (15.66 %10 atoms cm™).
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Figure 3.3. (a,b) Atomic force microscopy height images of monolayer-coated
Si(111) wafers. Topography images were aquired paying attention to ensure a
parallel alignment between the major flat, indicating the [110] direction, and the x-
direction of the AFM raster scan. Steps between terraces are either roughly parallel
to the sample major flat (a), or oriented 30 “away from it (b). Scale bars in (a) and
(b) are 400 and 220 nm, respectively. (c,d) Heat maps of current—potential (I-V) data
for platinum-silicon junctions acquired by conductive AFM on Si(111) and Si(110)
surfaces. I-V curves are sampled at 100 evenly spaced points and are recorded at a
constant force of 2.5 PN with a 100 nA/V sensitivity. The sample-to-tip bias routing
is such that forward currents appear in the negative quadrant, that is, when the n-
type silicon is biased negative with respect to the platinum AFM tip
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This last quantitative remark is important, since this fractional coverage is close to the
ratio, expected for a Si(111) wafer, of atoms on step-edges to atoms on surface terraces.
There is in fact a strong dependence between the electrical conductivity of a silicon
surface and its crystal orientation.*®] Recently published electrical measurements,
performed with microscopic tungsten probes, have revealed that the electrical
conductivity for common low-index silicon facets decrease in the order
(110)>>(111)>(100).°1 We have observed similar facet-dependent conductivity trends
in small Cu20 crystals.[“)1 We therefore postulate that the electrical conductivity of the
silicon-SiOn interface is enhanced at sites where silica grows on surface defects of large
conductivity.[*°1 Under these circumstances the silica—silicon redox couple may become
reversible within a moderate potential window, therefore explaining the origin of the
parasitic signals ubiquitous to oxidized silicon electrodes (Figure 3.1).

We therefore investigated the existence of highly conductive defects on nominal single-
crystal silicon wafers. Atomically flat electrodes are an idealization, and well-prepared
and nominally flat semiconductor electrodes are a continuous of flat terraces separated
by small vertical steps.[® 41 Atomic force microscopy (AFM) topography data in Figure
3.3a and 3.3b indicate that on Si(111) electrodes — a crystal cut commonly used by
electrochemists and surface scientists!“? 43 — these vertical steps tend to have preferred
orientations. Commercial Si(111) wafers have a major flat indicating the [110] direction
(a stereographic view of a Si(111) wafer is in Figure B3 Appendix B). Surface
topography data obtained by AFM reveal that these vertical steps form angles of either
approximately 0<or 30 “with respect to the direction of the major flat (Figure 3.3a and
3.3b). Steps separating Si(111) terraces are therefore principally exposing (110) and
(211) planes. An analysis of step heights and terrace widths in the AFM topography
images (e.g. Figure 3.3a) revealed that even in high quality samples, such as those in
Figure 3.3, the surface area ratio of Si(110) to Si(111) is 0.19 £0.05 to 100. This
percentage is in striking accordance with the 0.1% surface coverage, estimated above
by cyclic voltammetry, for the adventitious redox couple appearing upon oxidation to

the silicon electrode (Figure 3.1). Representative AFM height profiles,
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Figure 3.4. (a) Cyclic voltammograms of Si(111) electrodes indicating an anodic
shift with progressive potential cycling (three cycles, black curves; 100 cycles, red
curves) of the apparent formal potential of the silica/silicon redox couple. The scan
rate is 0.1 V/s, and the electrolyte is 1.0 M HCIO4. b) I-V curves (AFM) of platinum—
silicon junctions recorded on anodically damaged Si(111) electrodes, showing a
significant increase in the leakage current (positive quadrant) compared to fresh
samples (Figure 2c). (c,d) Changes to surface topography before (c) and after (d)
three potential sweeps between —0.5 V and 1.0 V (0.1 V/s, 1.0 M HCIOs). Scale bars
in (c) and (d) are 1 um

acquired along a direction normal to the predominant step direction and used to estimate
the area ratio of (110) and (211) facets to (111) terraces in nominal Si(111) wafers, are
in Figure B4 (Appendix B).

It was therefore relevant to test the relative conductivity of Si(110) and Si(111) facets.
Current—potential data (I-V hereafter), acquired by conductive AFM (Figure 3.3c and
3.3d, and Figures B5 and B6 Appendix B), indicate that the conductivity of Si(110)
wafers is significantly larger than that of Si(111). For example, at a forward bias of
—1.5 V, the current of platinum—Si(110) junctions is on average 21 times larger (—48
nA versus only —2.20 nA) than that of junctions made to Si(111). Silicon has no
conductive bulk oxide phases,*!! and the electro-reduction of silica has only been
demonstrated in CaClz melts.t® 44 By ensuring good mobility of O™ anions the high-
temperature melt aids the de-oxidation of SiO2.13* %4l However, under an electric field,
oxygenated anions (0>~ and OH") are known to migrate across a thin silica layer, even

at room temperature. 461 Inward migration of anionic species is therefore likely be
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favoured if the silicon bands are bent upwards, as shown by control experiments on
substrates of different doping type and level (Figure B1 Appendix B). Further, the
growth of silica over an oxide-free substrate introduces energy levels in the band gap,*]
demonstrated indirectly by a sharp drop of the anodization voltage observed as soon as
silica adlayers form over a silicon electrode.#”-5]

We therefore propose that despite the low electrical conductivity of bulk silica,3* 36 511
its electrochemical reduction at the silica-silicon interface becomes apparently
reversible at highly conductive facets, and manifests in both aqueous (Figure 3.1 and
Figure B7a—c Appendix B) as well as non-aqueous electrolytes (Figure B7d-e,
Appdenix B). It has been suggested that the mobile species migrating across the
thickening oxide film are mainly anions.[® Water molecules enter the first layers of the
oxide and dissociate into ionic species, which then migrate toward the silicon/oxide
interface under the effect of the electrical field in the oxide.*" 5% The apparent formal
potential of this parasitic redox couple shifts anodically with progressive oxidation
(Figure 3.4a), which reflects a similar shift for the electrode open circuit potential.
These shifts are caused by an increase, with oxidation, of the dark leakage current.
|-V curves shown in Figure 3.4b (and in Figure B8 Appendix B) confirm a substantial
increase in leakage current upon initial substrate oxidation. Our oxidation-induced
redox background couple is therefore in series with a “leaky” silica-rich diode. As
expected, the sharp and regular terraced structure of the etched and monolyer-coated
Si(111) surface (Figure 3.4c) disappears upon its oxidation: the highly conductive (110)
and (211) step edges have been covered by an oxide layer (Figure 3.4d, Figure B9
appendix B).

To further confirm that the surprising silica/silicon redox reversibility arises from the
silica adlayer sitting on highly conductive silicon sites, we performed electrochemical
experiments on macroscopic samples cleaved to expose mainly (110) planes. This was
done by cutting a Si(111) wafer along a direction parallel to the supplier-marked lap
(Figure 3.5¢). The wafer was then etched and chemically passivated, before dipping it

in the electrolyte to wet only the (110) face. As shown in Figure 3.5, voltammograms
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Figure 3.5. (a,b) Cyclic voltammograms of anodically damaged Si(111) and Si(110).
The surface coverage of the redox background signal observed on Si(110) is 12.73
*x107'2 mol cm~2, which is 6.9 times larger than on Si(111). The geometric area ratio
of the two electrodes is approximately 1.9 ((111) to (110), estimated by capacitance
measurements). Voltammograms were recorded at a scan rate of 0.1 V/s, in aqueous
1.0 M HCIOsg, after three potential sweeps (0.1 V/s) between —0.5 V and 1.0 V. (c)
Optical images of the hanging-meniscus configuration used to wet the (110) facet in
a three-electrode experiment used to record the voltammograms in (b). A graphical
depiction of the (211) and (110) crystal directions in commercial Si(111) wafer is in
Figure B12 Appdendix B.

acquired on anodically damaged Si(110) leads to redox waves significantly larger (ca.
6.9-fold) than on Si(111).

We note that bias-driven adsorption of ions,**l as a potential contributor to the parasitic
redox signal, was ruled out (Figure B7 Appendix B). Furthermore, surface coverages
and peak positions do not change with pH, indicating that the new couple formed after
anodic damaging of the surface is the result of a charge transfer not coupled to proton
transfer (Figure B10 Appendix B). Controls with amorphous silicon,“% as well as with
non-silicon conductors (Figure B11 Appendix B), indicated no appearance of redox
signals after an anodic over-oxidation process, reinforcing that this new surface-

confined redox couple relates to the crystalline structure of the silicon surface.
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55.4 nm

Figure 3.6. AFM topography images of Si(100) samples etched with ammonium
fluoride to expose Si(111) pyramids on the surface. Scale bars are 400 nmin (a), and
100 nm in (b).

3.5 Conclusions

In conclusion, we have explored the origin of a recurrent cyclic voltammetry
background signal found in a widespread semiconductor laboratory system — Si(111)
electrodes. An oxidative damage, deliberate or not, of common single crystal silicon
Si(111) and Si(100) electrodes (Figure 3.6) leads to the appearance of a specific set of
voltammetric waves. This current signal is the reversible silica/silicon redox process,
occurring on highly conductive steps separating (111) terraces. This finding has
immediate implications in the electrochemistry, and surface chemistry, of silicon,
effectively restricting the potential window that is free from parasitic signals and
therefore permitting the study of surface reactions by means of electroanalytical

methods.
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Chapter 4. On the relationship between Surface
Conductivity and Electrochemical Rates

This chapter is adapted from the article published by the American Chemical Society, published
in J. Phys. Chem. C. 2021, 125, 18197-18203, titled “Absence of a Relationship between
Surface Conductivity and Electrochemical Rates: Redox-Active Monolayers on Si(211),
Si(111), and Si(110)”.

The paper is modified with minor changes in order to fit the general layout of this dissertation.
Copyright permissions for the use of this published material in the doctoral thesis is found in

the appendix section (Appendix C).

Si(111)

— Si(211)

facet-resolved
electrical
conductivity

Inspired by the unexpected facet-dependent electrochemical effects of Chapter 3, this chapter
focuses on investigating the relationship (or lack of any) between surface conductivity and
electrochemical kinetics in silicon-based monolayers. Employing covalent Si—C-bound organic
monolayers — both to protect the substrate from anodic decomposition as well as to tether a
conventional redox probe, ferrocene — data of this chapter demonstrate that conductivity
decrease drastically as the surface crystal cut is changed from Si(211), to Si(110), and finally
to Si(111). Despite a remarkable difference in surface conductivity, rates of redox reactions of

surface tethers (estimated by electrochemical impedance spectroscopy) are indistinguishable.
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4.1 Abstract

Optimizing the kinetics of an electrode reaction is central to the design of devices whose
function spans from sensing to energy conversion. Electrode kinetics depends strongly
on electrode surface properties, but the search for optimal materials is often a trial-and-
error process. Recent research has revealed a pronounced facet-dependent electrical
conductivity for silicon, implicitly suggesting that rarely used crystallographic cuts of
this technologically relevant material had been entirely overlooked for the fabrication
of electrodes. By first protecting silicon from anodic decomposition through Si-C-
bound organic monolayers, conductive atomic force microscopy demonstrates that
conductivity de-creases in the order (211) >> (110) > (111). However, charge-transfer
rates for a model electrochemical reaction are simi-lar on all these crystal orientations.
These findings reveal the absence of a relationship between surface conductivity and
kinetics of a surface-confined redox reaction and expand the range of silicon

crystallographic orientations viable as electrode materials.

4.2 Introduction

Starting from the seminal work of Sagiv in 1980,!!! fundamental and applied research
on self-assembly of organic molecules onto electrode surfaces has continued gaining
momentum.'?) While most of the research on self-assembly to date has focused on gold
surfaces by exploiting alkanethiol chemistry,! the 1990s reports by Chidsey and co-

workers of Si—C-bound monolayers have helped to expand this research from metals to

S.[4_10

semiconductor: I Silicon remains the technologically most relevant semiconducting

material,!''"15 and silicon electrodes that are functionalized with organic monolayers

16, 17] 18-21]

have broad application prospect in the fields of microscopys, sensing,!

chemical catalysis,??! (bio)molecular electronics,!® 23?4 and information storage.* 2>

26]

Scientists and engineers working with silicon electrodes routinely rely on dynamic

electrochemical measurements — principally cyclic voltammetry!?”] — to extract kinetic

5.128- 291 However, published data of redox kinetics on

93

information on electrode reaction



silicon are highly scattered.l?! Some of the experimental factors contributing to this
irreproducibility issue are known,% others less so. Firstly, it is now generally agreed
that common mathematical models used in the kinetic analysis of electrochemical data
fall short of capturing all important descriptors of an electrified interface.[*-3?! Second,

[33]

minor changes to surface coverage of the redox molecule,**! monolayer order** and

intermolecular interactions® *3 are known to have dramatic kinetic effects.[*> 3637 t
remain less clear to what extent the chemical nature of the interfacial bond — between
the organic monolayer and electrode — affects the rates of surface-confined
electrochemical reactions.[*8 21 An important step in the direction of clarifying on this
overlooked factor was recently published. Dief and Darwish reported that for
monolayers grafted on either indium—tin oxide (ITO) or silicon or carbon electrodes
there is a link between changes in molecular conductivities — ascribed unambiguously
to different interfacial bonds — and differences in electrochemical rates. "

The origin of a putative link between electrical conductivity and electrochemical rates
still lacks a conclusive explanation,® but its existence and manifestation would have
immediate implications in silicon electrochemistry applied to sensing and catalysis.
This is because an atomically flat silicon electrode is an idealization, and even well-
prepared surfaces are a continuous of flat terraces separated by small vertical steps.l®
29,411 As a result, a silicon electrode of a given nominal orientation, such as commonly
used Si(111) substrates, will inevitably expose a range of crystal facets, such as Si(110)
and Si(211), of different surface conductivity. For example, data from Huang and co-
workers indicate that the conductivity of silicon surfaces, measured with microscopic
tungsten probes, decreases in the order (211)>>(111),4? platinum-silicon junctions are
more conductive when made on Si(110) rather than on Si(111),® and similar trends of
facet-dependent conductivity have been reported for polyhedral Cu20 particles.! ]
The purpose of this paper is to clarify the presence or absence of a relationship between
surface conductivity and electrochemical rates on oxide-free silicon electrodes. This is
important since, to date, the vast majority of monolayer research on silicon has focused

on Si(111) and Si(100) substrates,**“71 and highly conductive crystal facets such as
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Si(110) and Si(211), which are readily available, have been entirely overlooked as

potential electrode materials.
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Scheme 4.1. Passivation of hydrogen-terminated silicon electrodes on Si(111),
Si(211), and Si(110), followed by UV-assisted hydrosilylation of 1,8-nonadiyne (1)
to yield an alkyne-terminates silicon surface (S-1), and its reaction with
azidomethylferrocene (2) via CudAC “click” reactions generated a redox-active
monolayer (S-2).

4.3 Methods

4.3.1 Silicon surface modification

Unless otherwise specified, all chemical reagents were of analytical grade and used as
received. Aqueous hydrogen peroxide solution (30 wt % in water, Sigma-Aldrich),
sulfuric acid (Puranal, 95-97%, Sigma-Aldrich), and aqueous ammonium fluoride (40
wit%, Sigma-Aldrich) were of semiconductor grade. Redistilled solvents and Milli-Q
water (>18 MQ cm) were used for substrate cleaning procedures and to prepare
electrolytic solutions. Azidomethylferrocene (2) was synthesized following literature
procedures.[“®! Boron-doped (0.007—0.013 Q cm), 500—-550 um thick, prime-grade and
single-side polished Si(111), Si(110), and Si(211) wafers (Czochralski process,
(111)40.5< (110)>40.5< (211)40.5 were purchased from Siltronix S.A.S. (Archamps,
France). Prior to monolayer assembly (Scheme 4.1), silicon samples were cut into
squares of 1 <1 cm, and rinsed sequentially with dichloromethane, isopropanol, and
water. The samples were then immersed for 20 min in hot piranha solution (100 °C,

[the solution is a 3:1 mixture (v/v) of concentrated sulfuric acid (95-97%) and hydrogen
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peroxide (30%) ] ), washed with water and immediately transferred to a degassed
etching solution of 40% ammonium fluoride (the solution was degassed by means of a
30 min argon bubbling). A trace amount of ammonium sulphite was added to the
fluoride solution as an oxygen scavenger, and after 9 min in the etching bath the
hydrogen-terminated wafers were rinsed with copious water, dichloromethane, and
then immediately reacted with a degassed sample of 1,8-nonadiyne. The liquid sample
of 1,8-nonadiyne (1, Scheme 4.1, ~50 i) was then dropped on the silicon surface, and
the wet sample rested for 2 h under UV light under a nitrogen atmosphere. The source
of 312 nm UV radiation (Vilber, VL-215.M, nominal power output of 30 W) was placed
approximately 20 cm away from the sample.[?°1 Alkyne-terminated silicon samples (S-
1) were then rinsed with isopropanol and kept under dichloromethane in a sealed
reaction vial until analyzed or further reacted. Covalent attachment of
azidomethylferrocene (2) on S-1 surfaces followed a previously reported procedure.[?°
In brief, to a sample vial containing the alkyne-terminated sample (S-1), were added 5
mL of a 0.5 mM solution of 2 in an isopropanol and water mixture (1:1, v/v), copper(Il)
sulphate pentahydrate (20 mol% relative to the azide), and sodium ascorbate (ca. 100
mol% relative to the azide). The copper(l)-catalyzed azide—alkyne cycloaddition
(CuAAC) reaction was carried out at room temperature, shielded from ambient light.
After 40 min, the reaction was quenched by removing the ferrocene-modified electrode
(S-2) from the sample vial. The samples were rinsed with copious isopropanol, water,
aqueous hydrochloric acid (0.5 M), water, isopropanol, dichloromethane, and then

blown dry under nitrogen before analysis.

4.3.2 Electrochemical measurements

Cyclic voltammetry (CV) was performed on a CHI650D electrochemical workstation
(CH Instruments, Austin, TX) using a three-electrode and single-compartment
polytetrafluoroethylene (PTFE) custom cell. The modified silicon substrate served as
the working electrode, a platinum mesh as the counter electrode, and a Ag/AgCI (3.0
M NacCl) electrode as the reference electrode. All electrochemical measurements were
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performed in aqueous 1.0 M perchloric acid (HCIO4) in air at room temperature (22 £+
2 C), and under dark inside a light-proof and grounded Faraday cage. All potentials
are reported against the reference electrode. A circular Viton gasket defined the
geometric area of the working electrode to 0.28 cm?, and ohmic contact between the
back of the silicon sample and a copper plate was achieved by gently scribing the back
of the electrode with emery paper before applying on it a small amount of
gallium—indium eutectic. Surface coverages (/') of ferrocene molecules are reported in
mol cm~2 and calculated from the Faradaic charge taken as the background-subtracted
integrated current from the anodic scan of the voltammograms. A minimum of seven
independently prepared samples was analyzed. The 99% confidence limit of the /"mean
was calculated as tn1s/n*2, where tn1 is 3.71, s is the standard deviation, and n the
number of measurements. ! The apparent electron-transfer rate constants, ket, for the
electron-transfer reaction between tethered ferrocenes and the substrate was estimated
from electrochemical impedance spectroscopy (EIS) measurements following the
formalism developed by Laviron.[’% 51 EIS data were collected between 10° Hz and
107! Hz, and both the in-phase (Z’) and out-of-phase impedance (Z’’) were extracted at
the same time from the data and analyzed with the ZView and ZPlot software (Scribner
Associates, Inc.). The ket was calculated as 1/(2 RetCads).P°! All EIS data were obtained
at an applied working electrode DC potential, Edc, equal to Ei2 (E12 is the mid-point
between the potential of the anodic and cathodic CV current peaks), and by setting the
potential amplitude of the AC perturbation to 15 mV. Samples for EIS measurements
were prepared in quadruplicates and first analyzed by three consecutive CV cycles to
estimate Exr2. The 99% confidence limit of the ker mean was calculated as tn-1s/n*'?, with

tn-1 set to 5.84.14

4.3.3 Surface topography and electrical measurements

Both topography and electrical conductivity data for monolayer-modified silicon
samples were obtained by atomic force microscopy (AFM) in air and at room
temperature. Topography measurements were conducted on a Park NX10 atomic force
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microscope operated in the tapping mode. The topography data were analyzed with XEI
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Figure 4.1. Representative cyclic voltammograms (CVs) for ferrocene monolayers
(S-2) prepared on silicon substrates of different crystalline orientation [(a), Si(111);
(b), Si(211); (c), Si(110)]. The potential sweep was started at 0 V (cathodic vertex).
The voltage scan rate was 0.1 V/s, and the electrolyte was aqueous 1.0 M HCIO4. (d)
CV-derived surface ferrocene coverage (I') for S-2 samples prepared on Si(111),
Si(211) and Si(110) electrodes. Error bars indicate the 99% confidence limit of the
mean.

software (Park Systems Corp.). The scan area was set to 2 <2 pm, the resolution to 256
points/line, and the scan rate to 1.0 Hz. Antimony (n) doped silicon AFM tips
(TESPAV2-Bruker) with a spring constant of 42 N/m and resonance frequency of 320
kHz were used for the measurements. The electrical AFM experiments were conducted
on a Bruker Dimension microscope with platinum AFM tips from Rocky Mountain
Nanotechnology (25Pt300B, spring constant of 18 N m™). The Bruker Peak Force
Tunneling AFM (PF-TUNA) module was used to acquire current—voltage (/—V) data.

IV curves were acquired with the peak force set to 2.5 N, a current gain of either 10
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nA/V or 100 nA/V, and a voltage sweep rate of 8.26 V/s. On each sample, individual

|-V curves were sampled at100 evenly spaced points, and a minimum of four samples
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Figure 4.2. XRD patterns for Si(111), Si(110) and Si(211) substrates. Samples
exposing a Si—Hx surface after NHsF etching and stored in dichloromethane prior
to XRD measurements. Note: The Si(111)-H surface is known to be a close to ideal,
Si-monohydride terminated surface. However, even this near-ideal surface has
dihydride edge sites. At present the average number of hydride terminations on NH4F
etched Si(211) and Si(110) is unknown.
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for each silicon orientation was prepared and analyzed. All electrical AFM data were

analyzed with Nano Scope 1.9.

4.3.4 X-ray diffraction measurements (XRD)

X-ray diffraction (XRD) patterns were acquired on hydrogen-terminated silicon
samples using a Bruker D2 PHASER X-ray diffractometer using a Cu Ko, X-ray source

(L= 1.54 A).

4.3.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) surface analysis was conducted using
monochromatic Al Ka radiation with an Axis Supra (Kratos Analytical Ltd) instrument
at 225 W. The instrument work function was calibrated to give a binding energy (BE)
0f 83.96 eV for the 4f7,2 core level of gold, and the spectrometer dispersion was adjusted
to give a BE of 932.62 eV for the 2ps2 core level of copper. The pass energy was set to
160 eV for survey spectra and 20 eV for high resolution spectra. All measurements
were acquired in a hybrid lens mode which covers an analysis area of 210,000 pm? (700
%300 pm). Spectra were charge corrected to bring the main line of the C 1s core level

spectrum to 285.0 eV.

4.4 Results and discussion

All silicon samples in this work were hydrogen-terminated surfaces® modified by a
hydrosilylation reaction (1, Scheme 4.1) to form a silicon—carbon-bound monolayer
that minimizes anodic damaging of the substrate.[“®] X-Ray diffraction (XRD) patterns
are shown in Figure 4.2, and a stereographic projections indicating the relative
orientation of the three crystal facets are in Figure C1 (Appendix C). High-resolution
X-ray photoelectron spectroscopy (XPS) scans of the Si 2p region (Figure C2,
Appendix) demonstrates the monolayer ability (S-1) to prevent appreciable oxidation

of the underlying silicon substrate. XPS data indicate that for all three facets, the
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amount of silicon oxide was below the spectrometer detection limit, and the
deconvolution of the C 1s XPS narrow region (Figure C2 Appendix C) shows spectral
features analogous to that of 1-alkynes monolayers prepared on either H-Si(111) or H-
Si(100) surfaces.[3l

The acetylene functionality of S-1 samples allows tethering a redox-active molecule,
and as shown in Scheme 4.1, ferrocene units (2) were grafted on the electrodes via a
copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction.’* > As the rate
constant for a redox reaction involving a surface-bound redox molecule depends on the

1331 it was important to ensure a consistent ferrocene coverage

molecule surface density,
before attempting a comparison between samples prepared on different silicon facets.
Cyclic voltammetry (CV) experiments were therefore conducted to establish yields of
the CuAAC reaction leading to S-2. Representative CV curves are shown in Figure
4.1a—c, with the coverage analysis shown in Figure 4.1d. Coverages calculated from
the Faradaic charge, taken as the background-subtracted integrated current from the
anodic scan, are comparable on Si(111), Si(211), and Si(110), being (2.05 £ 0.51) x
1071°(2.19 £ 0.40) x 107!, and (1.86 + 0.65) x 107'° mol cm2, respectively. It is
therefore unlikely that unequal surface coverages would lead to differences in ket values,
if any, between these three surface systems. This coverage is approximately 50% of that
expected for a hexagonally close-packed full monolayer of ferrocene molecules, if the

ferrocene molecules are assumed to be spherical with a diameter of 0.66 nm.°!

Further, the ferrocene films exhibit CV waves with full width at half maximum (fwhm
hereafter) of 113 £2 mV in all the three substrates. The ideal fwhm from the Langmuir
isotherm of a Nernstian process is 90.6 mV, and theoretical models are available to
explain a non-ideal fwhm as a consequence of attractive/repulsive interactions
experienced by the surface-tethered molecule.?®) Fwhms larger than 90.6 mV are often
reported in literaturel®”l and can be explained as repulsive interactions between the
electroactive species.% The magnitude of these unavoidable interactions are therefore
comparable in all three surface systems. Electrostatic attractive forces between the

positive ferricenium tethers and the substrate, which would manifest as a fwhm < 90.6
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mV, 2l were not observed as they were prevented by the choice of highly doped p-type
substrates.

Next, the electrical conductivity of the Si(211), Si(111) and Si(100) surfaces was
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Figure 4.3. Measurement schematic and current—potential (I-V) data for platinum—
silicon junctions obtained by conductive mode (PF-TUNA) atomic force microscopy
(AFM) on monolayer-modified (S-1) Si(111) (a), Si(211) (b), and Si(110) (c). Solid
symbols indicate the mean value of 400 I-V sweeps obtained on four independently
prepared and analyzed samples. The color-shaded areas represent the data standard
deviation.
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probed by conductive atomic force microscopy (CAFM, PF-TUNA) using solid
platinum AFM tips as the top metal contact. Current—voltage measurements (I-Vs) of
the platinum—monolayer—silicon junctions (S-1 samples) are shown in Figure 4.3, and
the bias routing is from the substrate to the tip, so that the forward current of the junction
appears in the positive quadrant (positive current, positive bias). The 1-V characteristics
indicate that, regardless of the bias magnitude, the electrical junction conductivity is
considerably larger on Si(211) than on Si(110), and that the least conductive systems
are those prepared on Si(111) crystals. For instance, at a positive sample—tip bias of
1500 mV, which is approximately 300 mV more positive than the system flat-band
potential (approximated as the bias at which forward currents begin to rise
exponentially), the mean relative conductivities of Si(211), Si(110), and Si(111) are in
the ratio 5.9:2.3:1.0. These mean conductivities are statistically different, as inferred
by an independent samples t-test. For example comparing Si(211) against Si(111), the
experimental t value at 1500 mV is 7.22, which is significantly greater than the critical
t value of 2.58 (99% confidence).*"!

Measuring impedances over a broad range of frequencies allows to estimate individual
element of an electrical circuit that can model the Kinetics of a redox reaction.l!
Representative electrochemical impedance spectroscopy (EIS) data, obtained on S-2
samples with the aim to estimate differences in ket between Si(111), Si(211) and Si(110)
are shown in Figure 4.4a—c. EIS data are displayed as Bode plots, which can visually
highlight variations in electrochemical kinetics. As the AC frequency becomes
comparable to the time constant of the redox reaction, the slope of Z versus frequency
plot moves towards zero, and simultaneously the value of phase angle reaches its
minimum. From the EIS plots in Figure 4.4 it is apparent that the three surface systems
have very similar redox kinetics. A more detailed and quantitative treatment of the
kinetic properties of S-2 samples relied on an established formalism that describes the
relationship between circuit elements (Cads, adsorption pseudo-capacitance; Rct, charge-
transfer resistance; shown in the equivalent circuit of Figure C3, Appendix C) and the

kinetic parameters of strongly adsorbed redox species.[%86% Cags, as well as the double-
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layer capacitance (Cai), showed frequency-dependent behavior and were therefore
treated as constant-phase elements (CPEs). A CPE defines an inhomogeneity in the
electrochemical system, such as Kinetic dispersion.®] However, in our redox
monolayer systems the CPEs behave very similar to a capacitor, as the power-law
modifiers have values between 0.95 and 0.99, where unity indicates an ideal capacitor.
From the refined Cads and Rt values, electron-transfer rate constants, ket, were estimated
as (4.63 +0.65) %102 st for Si(111), (3.67 £1.24) <102 s* for Si(211) and (4.81 =
1.38) <1072 s for Si(110), thus indistinguishable within the experimental error (Figure
4.4d). Further, for all the three systems, at low frequencies — where the impedance is
dominated by double layer charging — the phase angle approaches —90°, indicating that
all samples are extremely smooth. The sigmoid shape that starts near 0° at high

frequency and shifts close to —90° at low frequencies is often diagnostic of monolayer
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Figure 4.4. Representative EIS Bode plots for S-2 samples prepared on silicon
crystals of different orientation ((a), Si(111); (b), Si(211); (c) Si(110)). The DC bias
of the EIS measurement was set to the Ei.2 value obtained from CV measurements,
and the amplitude of the AC perturbation was set to 15 mV. All experiments were
performed in aqueous 1.0 M HCIOas. (d) Plot of the EIS-derived ket values.
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imperfections and surface roughness, but in our experiments a minor dispersion is only
observed for the more commonly used Si(111). The EIS-inferred superior smoothness
of both Si(211) and Si(110) agrees with AFM topographic data (Figure C4, Appendix
C). This is an important finding, as it suggests that high quality monolayers can be
prepared on a range of previously neglected low indexes silicon facets, such as Si(110)

and Si(211).

4.5 Conclusions

We have explored a model electrochemical reaction, the oxidation and reduction of
ferrocene, in diffusionless monolayer systems prepared on Si(111), Si(211) and Si(110)
surfaces. In all three cases the redox system behaves close to ideality, suggesting that
highly conductive (211) and (110) silicon crystals are an excellent alternative to
conventional and widespread Si(111) substrates. Current—potential characteristics
acquired by conductive atomic force microscopy reveals that surface conductivity
decreases in the order Si(211)>>Si(110)>Si(111). Unlike systems where differences in
electrical conductivity are imparted by changes to the chemical nature of the monolayer
anchoring group,“®! and unlike the inverse relationship between electron transfer rate
constants and the length of alkyl spacers separating electrode and redox unit,®? 1 we
found that identical surface chemistry on Si(211), Si(110), and Si(111) leads to
comparable kinetics of a redox reaction occurring at the monolayer distal end. While
other higher index substrates, such as Si(311) and Si(411), remain to be investigated,
the current findings demonstrate a pronounced facet-dependent electrical
conductivity,® expand the range of silicon orientations viable as electrode material,
and suggest literature discrepancies in electrochemical rate constants not to be linked

to substrate defects, such as ubiquitous surface miscuts.
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Chapter 5. Summary and conclusions

This dissertation presented surface chemistry, electrochemistry and AFM research
about facet-resolved electrochemical effects in silicon. The electrodes were chemically
modified with organic monolayers through hydrosilylation reactions, for the purpose of
surface passivation, functionalization and most importantly, to access diffusionless
redox systems. In summary, what the experiments presented in the previous chapters,
and their analysis, have explored and demonstrated are: 1) photocurrent effects explains
the origin of voltammetric peak multiplicity as heterogeneous leakage instead of what
is normally explained as disorder; 2) facet-dependent conductivity effects to be linked
to unexpected silica-silicon reversible redox chemistry, 3) lack of a relationship
between surface conductivity and charge transfer rates of electroactive species adsorbed
on monolayers.

Chapter 1 introduced the fundamental electrochemistry, electrochemistry and surface
chemistry common to the all the results chapters. It was partially based on our recently
published review on facet-dependent electrochemistry of semiconductors. (Curr. Opin.
Electrochem. 2022, 35, 101085) The results presented in Chapter 2 have successfully
demonstrated that peak multiplicity in cyclic voltammograms (CV) — arguably the most
common electroanalytical technique — is caused by heterogeneous photocurrent effects
on the silicon electrode rather than disordered domains in the monolayers. The
“disorder” hypothesis still prevail in literature while heterogeneity of photoeffects is
rarely considered. Conductive atomic force microscopy (C-AFM) confirmed a
heterogeneous leakage current resulting, therefore causing local differences in open
circuit potential of silicon electrode, which eventually appeared as peak shifts and hence
multiplicity in CVs.

Chapter 3 (J. Am. Chem. Soc. 2021;143(3), 1267-1272) unveils and exploits facet-
dependent conductivity effects leading to the reversible silica—silicon redox reaction on

some specific silicon crystal defects. CVs and C-AFM data were collected and analyzed

111



to conclude that highly conductive Si(110) facets, which existed in the edges of Si(111)
terraces, are sites where the silica—silicon redox conversion becomes electrochemically
reversible even at room temperature. The data of this chapter constitute the first
example of reversible silica—silicon redox reaction in simple electrolyte rather than in
molten salts. The scale is however “nanoscale”. But not occurring on a practical scale,
it is a key step in advancing silica electrochemical reduction. Moreover, the results
highlight an unexpected aspect of facet-resolved semiconductor electrochemistry. Most
significantly, the result of this chapter redefines the electrochemical potential window
accessible for studying the electrochemistry of silicon through electroanalytical
approaches without interference from parasitic signals.

Chapter 4 presents data concluding that disparities in conductivity between different
facets of silicon crystals don’t affect measurably the redox electrochemical kinetics at
the distal end of an electroactive organic monolayer adsorbed on these crystals. This
chapter set a model system to estimate the electrochemical kinetics. In the experiments,
surface densities of substrates with different facts [Si(111), Si(110), Si(211) modified
with ferrocene SAMs] were constrained at the same level by estimating surface
coverages from CVs. After ruling out the impact of surface densities on the
electrochemical kinetics, the results of C-AFM experiments demonstrated that the
conductivity is decreasing dramatically in the order Si(211)>Si(110)>Si(111). Despite
the conspicuous difference (facet-dependent) in electrical conductivity (no free-energy
changes incolved), rates of redox reactions [estimated by electrochemical impedance
spectroscopy( EIS)] proceeding at the distal end of SAMs attached on different facets
were indistinguishable. This chapter carries also the message that highly conductive
Si(110) and Si(211) substrates can be good replacement for traditional and extensively
explored Si(111) substrates.

In conclusion, substantial achievements have been obtained in the emerging field of
facet-resolved electrochemistry. The contribution of this thesis is to expand the field on
semiconductor electrochemistry. The ultimate goal of semiconductor electrochemistry

is to understand (and eventually predictably manipulate) the thermodynamics and
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kinetics of redox processes taking place at the semiconductor electrode. Facet-resolved
silicon electrochemistry aids in the search for the optimal electrode material which has
so far remained largely a trial-and-error process. This research will play a vital role in

incorporating novel material into the digitized world of the future.
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Chapter 6. Perspective and outlook

The results of this thesis have redefined the potential window which can be employed
to follow the progress of surface reactions. The initial aim of this doctoral project is to
catalyze click reaction by the electric field, while in the investigating process we found
that the electrochemistry of the surface facet defects was unknown. The facet resolved
electrochemistry has great potential in designing novel catalysts for the redox
electrochemical reaction to optimize the thermodynamics and electrochemical kinetics
process.[!l Chemical or electrochemical reactions always proceed by reorganizing the
chemical bonds or redistributing the electron density of the reactants.[? 3 Therefore,
controlling the direction of electronic movement is the key step in a catalytic process
of a reaction. Conventionally, catalysis is employing special chemical molecules
(which are not consumed in the procedure) to accelerate/inhibit the rate of a reaction.
Recently, electric field catalysis has attracted scientists’ interests as a “general and
smart” catalyst increasingly,[® since the first electrostatic catalysis of the Diels—Alder
reaction was reported in Nature as a proof-of-concept experimental survey of a specific
bimolecular reaction in 2016.1°1 The Nature paper demonstrated that the external
electric field can address exceptional and inevitable interaction towards the formation
of C—C bonds and the orientation of chemical bonds along the reaction axis. It
experimentally proved to align an electric field appropriately can manipulate the dipole
direction of reactant molecule and regulate the active energetical barrier of reaction at
the transition state. It is known that the above-mentioned features are facet-dependent,
therefore combining facet-resolved electrochemistry with electrostatics (internal or
external electric field) can pave a new path for the catalysis of organic synthesis at will

in the future.

6.1 Outlook

Nucleophilic substitutions are one of the most important reactions in organic synthesis,
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such as Sn1 (unimolecular nucleophilic substitution) and Sn2 (bimolecular nucleophilic
substitution). It is known that electric fields (EF) from solvent and polar groups can
accelerate or slow down the dissociation of chemical bonds involved in Sn1 reactions.
On the contrary, it has not been proven experimentally that Sn2 reactions (some of them)
can be catalyzed by exogenous electric fields. So far there are only theoretical
calculations, not actual experiments.[% 11 For example, Yu et al. reported that the when
there is a competition between Sn1 and Sn2 paths, this competition can be tweaked by
the electric field or charged functionalities.™ The Sn2 process proceeded prone while
reactants were with the neutral nucleophiles and anion-leaving groups. One of the
foreseen applications of molecular surface systems such as those described in this thesis
is to validate (or falsify) such predictions. In this perspective chapter | therefore define
a model reaction that could be used to design such experiment. The reaction is the
Menshutkin reaction, which is a model Sn2 reaction. Shaik et al. reported that flipping
the orientation of the electric field along the reaction axis can catalyze this reaction
because the electric field could lower transition states hence have a catalytic effect
towards the products.*® In order to ensure alignment between reaction axis and external
field the reactants can be immobilized on different facets of silicon electrodes as
outlined in the thesis. For example, tethering the monolayer on different facet substrates
with halide derivatives (i.e., Br-, Cl-) at distal end as a nucleophile, the model
Menshutikin reaction will perform with tert-aminomethyl ferrocene derivative as
electrolyte (as electrochemical active label) under electric field. Another future
application of facet resolved electrochemistry and may be down the line of
electrochemical enantioselective synthesis, which is of great importance in the
pharmaceutical industry. It is known that the feature of Sn2 reaction is chiral reversion
(i.e., Walden inversion), and chirality is a primarily optical geometrical concept that
refers to an object that is mirror asymmetry. The facet differences at the nanoscale have
the potential to develop chiral amplification of surface crystal structure at a larger
scale.'?l Chirality exists extensively in living organisms, which are composed

hierarchically from the asymmetrical molecular level to larger supramolecular
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assembled aggregates. In the enzyme catalysis process, there exists a nanoscale
electrostatics field which has been demonstrated by Boxer et al.*3! By proper design,
the different facets of crystal nanoparticles have the potential to address different
asymmetric steric effects, which may aid chiral facet catalysis.

Moreover, different facet crystal structures can show different adsorption abilities at
the catalyst surface. For instances, palladium is always employed in catalysis of
hydrogen adsorption, it is reported that the electrochemical hydrogen adsorption was
dependent on the surface structure of polycrystalline Pd. The microstructure of the
Pd surface at the grain boundary can facilitate the adsorption rate. At low index facets
(as grains close to (100), (101), and (111)), the hydrogen adsorption rates were lower
compared to the high index facet such as grains close to (411). It addresses the potential
to generate different electric field at different facet, as results of the chapter 3
demonstrating the different facet crystal showing different conductivities.

Overall, facet resolved electrochemistry will have significant potential in the
engineering of chemical catalysis. A comprehension of how facet electric field governs
chemical bond redistributing and controlling the reaction rate will benefit the design of
novel catalysts. Also, facet-resolved electrochemistry can apply in many devices design
fields, such as 1) in making the molecular transistor, it can regulate the rectification
behavior by orienting the molecule direction in the circuits to be used as molecule
memory devices; 2) in studying electrostatics function in the cell, it can understand the
facet dependent effects in enzyme functions; 3) in optimizing the new semiconductor

material, it can benefit the modern digitized world.
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Appendix A

This material is adapted from the Supporting Information of the paper published by the
American Chemical Society, in Langmuir 2022, 38, (2), 743-750 , “Non-ideal cyclic
voltammetry of redox monolayers on silicon electrodes: peak splitting is caused by
heterogeneous photocurrents and not by molecular disorder”. It is modified with minor
changes in order to fit the general layout of this dissertation. This paper constitutes

Chapter 2.
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Figure Al. Representative CVs of a monolayer-modified gold electrode (11-
ferrocenyl-1-undecanethiol monolayers self-assembled on Au(111)). The voltage
sweep rate was changed between 100 and 2000 mV s~ and the data acquired in 1.0
M HCIQg, either under dark or under electrode illumination (solid line, dark; state,
red empty symbols, light). Electrode illumination had no effect on the CV traces. (100
mV s~%, dark coverage =5.22 % 101 mol cm 2, coverage under light =5.17 < 1071°
mol cm~2; b) 250 mV s, dark coverage = 5.19 x 107%° mol cm~2, coverage under
light = 5.22 < 1071° mol cm™2; ¢) 500 mV s, dark coverage = 5.22 x 10~ mol
cm~2, coverage under light =5.17 % 107 mol cm~?; d) 750 mV s, dark coverage
= 5.06 %< 1071 mol cm~2, coverage under light = 5.08 < 101° mol cm?; e) 1000
mV s, dark coverage = 5.12x101% mol cm™2, v 5.11x101° mol cm~?; f) 2000 mV
s1, dark coverage = 4.99x1071° mol cm~2, coverage under light = 4.97>x107° mol
cm?)
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Figure A2. Representative CVs of M-2 samples prepared on either (a) HD p-type
Si(111), dark, and indicating a ferrocene coverage of 1.94 +0.26 % 10%° mol cm?,
(b) LD n-type Si(111) under light intensity 24.1 mW cm~2, with a coverage of 1.99 +
0.84 x 107 mol cm~2, and (c) LD n-type Si(100) under light intensity 24.1 W cm 2,
showing a coverage of 1.44 £0.23 < 10 mol cm~2. The electrolyte was aqueous 1.0
M HCIO4 and the scan rate 100 mV s 2.

120



30

o
E | —— 1.0mWcm?
O — 2.9 mWcm?
< 15 | — 47mWcem?
3 — 111 mWem?
~ | —— 241 mWcm?
>
=
n 4
c 0
O]
©
I=
o -15 4
o
=]
@)
'30 T T T T

0.0 0.2 0.4 0.6

Potential / V (vs Ag/AgCl)
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Figure A4. Representative CVs of M-2 samples prepared HD p-type Si(111) under
dark at different voltage scan rate (50 mV s, 100 mV s™%, 250 mV s, 500 mV s 4,
750mVst10Vst20Vst50Vs?t75Vst 10.0V st The electrolyte was
aqueous 1.0 M HCIOa.

121



20 4

-20 4

Current density / yA cm

0.0 0.2 04 06
Potential / V (vs Ag/AgCl)
Figure A5. Representative CV of a M-2 sample prepared on LD n-type Si(111) and
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100 mV s
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Figure A6. a) In n-type electrodes, at potentials more positive than EFB, the Fermi
level is lowered (i.e. further away from the zero AVS) and electrons are forced away
from the space charge region and leave behind ionized positively charged donor
centers. In depletion, and under illumination, holes generated in the valence band
will migrate toward the interface under an electric field pointing outward (i.e. bands
pointing upward) where this vacant state at the top of the valence band will consume
available electrons. Depleted n-type electrodes under illumination can therefore act
as photoanodes. In summary, the blocking effect of depleted dark silicon electrodes
Is efficiently reversed upon illumination with light of a frequency greater than 2.7 %
10%* Hz provided that inversion is not reached and electron-hole recombination
events are minimized. Generated electron-hole (e—/ h+ ) pairs at depleted n-
electrodes under illumination. Minority charge carriers migrate under the space-
charge region electric field toward the electrolyte and participate in redox reactions
(i.e. photooxidations at n-type electrodes). Since valence band holes mediate the
oxidation of surface species, the potential at which the rate of change of surface
concentrations peaks (i.e. a peak in the CV of non-diffusive species) is less positive
(i.e. closer to the zero of the AVS scale), or in other words contra-thermodynamic
relative to the situation in a metal electrode. The situation of a metal electrode is
depicted in b). Here The applied potential lifting or lowering EF above or below
Eeq corresponds to electro-reduction (a) and electro-oxidation (b). ¢)The effect of
increasing the light intensity is that of flattening the bands (i.e. shifting upward the
Er)
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Figure A8. Electrochemical impedance spectroscopy (EIS) data for M-2 monolayers
(n-type, Si(111) dark) acquired between 10° Hz and 1 Hz, at an applied working
electrode DC potential of 0.0 V versus Ag/AgCI and with an AC perturbation of 15
mV.
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monolayers prepared on n-type LD, Si(111), recorded under variable light intensity.
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Figure All. Simulation of the CV trace recorded at the lowest light intensity,
demonstrating that the key feature of the experimental data, a ~190 mV peak-to-peak
separation, can be accounted for as surface domains with a 1,000 fold difference in
the dark leakage current (1.0 < 10~° A for the blue dashed trace, 1.1 % 107 A for
the red dashed trace). The self-interaction parameter, G, necessary to reproduce the
experimental fwhm, is negative, indicating repulsive molecular interactions for
ferrocenes in both domains (—1.4, red trace; —0.6, blue trace). Best fit parameters
are 10 s™* for the electron transfer rate constant, 750 uA for photocurrent (both
peaks), unity for the diode quality factor, and 0.5 for a.
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2 um
Figure Al12. Representative AFM of current map at 0 V. The sampling area was
of 2 %<2 um?. Individual I-V traces (from —2.0 V to +2.0 V) were collected in the
center of each square shown in figure.
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Figure A13. EIS Mott—Schottky (M-S) measurement of capacitance vs sample bias
for M-2 samples prepared on LD n-type Si(111). The experiments were run in dark,
with the AC frequency set to 40,000 Hz, the AC bias amplitude to 15 mV. The
electrolyte was 1.0 M aqueous HCIOsa.
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Appendix B

This part is adapted from the Supporting Information of the paper published by the
American Chemical Society in J. Am. Chem. Soc. 2021, 143, (3), 1267-1272,
“Common Background Signals in VVoltammograms of Crystalline Silicon Electrodes
are Reversible Silica—Silicon Redox Chemistry at Highly Conductive Surface Sites”. It
is modified with minor changes in order to fit the general layout of this dissertation.

This paper constitutes Chapter 3.
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B1. Control experiments on Si(111) wafers of different

doping level and type

a b c
5 o o
£ 04 £ £ 12/
G S ] ;
g_ 02 <_£.L 5 064
= 00 > 7 2 ool
2 0.2 2 o g
s" 8 1 :% 0.6 4
‘U-EJ‘ -0.4 ‘0&; 2| é 1.2 4
S -0.6 8 ) S 18
-0.8 - T T T T T T T - T T T - T T T T T T T T
04 03 02 01 00 01 02 04 03 02 01 00 01 02 04 03 -02 01 00 01 02
Potential / V (vs Ag/AgCl) Potential / V (vs Ag/AgCl) Potential / V (vs Ag/AgCl)

Figure B1. Representative cyclic voltammograms recorded on anodically damaged
monolayer-coated Si(111) samples of different doping level and type ((a), n-type,
highly doped Si(111), 0.007-0.013 Q cm, (b) Si(111), highly doped p-type Si(111),
0.007-0.013 Q cm,; (c) Si(111), lowly doped p-type Si(111), 8-12 Q cm). The
electrode voltage was first ramped three times from an initial bias of —0.5 V to an
anodic vertex set to 1.0 V, and then back to —0.5 V (not shown). Cyclic
voltammograms shown in figure were then sampled, after this oxidative procedure,
between —0.4 V and 0.2 V. Scan rates were set to 0.1 V/s, and all experiments were
performed in aqueous 1.0 M HCIO4 as the supporting electrolyte.
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B2. Stability testing
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Figure B2. Representative consecutive cyclic voltammograms (ten cycles, scan rate 0.1
V/s) acquired on Si(111) electrodes previously subject to an electrochemical anodic
damaging process. The electrode anodic damage was introduced by means of ramping
the potential of the working silicon electrode from an initial —0.5 V bias, to an anodic
vertex set to 1.0 V (3 cycles). The electrolyte was aqueous 1.0 M HCIO4. The surface
coverage, estimated by integration of the first circle, was 2.50 < 1071 mol cm~2. From
the second cycle onwards, the coverage remained approximately stable, changing from
2.33 %< 102 mol cm~2 (second cycle), to 2.27>10"1? mol cm~2 (10" cycle, equivalent
to a drop smaller than 3%).
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B3. Stereographic projection of a commercial Si(111)

wafer
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Figure B3. Stereographic projection of a Si(111) wafer. This is a graphical
representation of crystal planes (3D features) in a 2D plane. The center of the circle
indicates the direction of the (111), here meaning that sections parallel to the wafer
will be (111) planes. The supplier marked a major lap to indicate the <110> direction.
The stereographic projection depicts the angular relationships between crystal faces
(defines the relative ¢ and p angles) and indicates that the terraces visible in the AFM
images of Si(111), assuming they are normal to the wafer surface, are roughly either
Si(110) or Si(211) facets.
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B4. Estimates of the area-ratio between surface steps

and Si(111) terraces
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Figure B4. Estimation of the area ratio between Si(110) steps and Si(111) terraces.
a) AFM topography image of a Si(111) sample showing a terraced structure. b—d)
are height profiles measured along the three sampling lines (x, y and z) marked in
panel (a). The three lines are drawn along a direction orthogonal to the terraces
main direction, which by considering the major lap of the wafer indicates the
surface of the steps is mainly Si(110). Quantitatively, data in b), pertinent to the line
x drawn in (a) suggest a Si(111)/Si(11) area ratio of 0.18%, data in (c), pertinent to
the line y in (a) suggest a 0.20% value, and data in (d), pertinent to line z indicate

a 0.25% ratio.
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B5. Facet-resolved conductivity: average current—
potential (conductive AFM) data for Si(111) and

Si(110)
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Figure B5. Current output from (Pt-Si) contacts made by conductive AFM on lowly
doped (7-13 Q c¢m) CZ n-type Si(111). a) Representative (ca. 100) current—potential
(I-V) curves acquired on oxide-free Si(111) sample coated with a monolayer of 1,8-
nonadiyne. b) Average of the individual traces shown in panel (a).
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Figure B6. Current output from (Pt-Si) contacts made by conductive AFM on lowly
doped (7-13 Q c¢m) CZ n-type Si(110). a) Representative (ca. 100) current—potential
(I-V) curves acquired on oxide-free Si(110) sample coated with a monolayer of 1,8-
nonadiyne The Si(110) surface was first exposed by cutting a Si(111) wafer along a
direction parallel to the lapped edge exposing the (110) plane, as marked on
commercial Si(111) wafers purchased from Siltronix. The sample was coated with a
monolayer of 1,8-nonadiyne. Individual traces are in (a), and their average |-V values
are in (b).
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B6. Control experiments in different electrolyte

systems
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Figure B7. Cyclic voltammograms acquired on monolayer-coated Si(111) electrodes
in different electrolyte systems. Data in figure show that for the entire range of
electrolytes tested — from strongly coordinating sodium chloride to non-coordinating
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBARF) — silicon anodic
damage invariably leads to the appearance of the two redox waves centred at ca. —0.1
V, with no evidence of effects linked to the nature of the electrolyte anion. Experiments
shown in figure were performed after having deliberately introduced an anodic damage
to the electrode by means of ramping the voltage between —0.5 V and 1.0 V for three
consecutive cycles. The electrolytic systems (electrolyte/solvent) are: a) 1.0 M
NaCl/water, surface coverage 2.26 < 102 mol cm~2; b) 1.0 M TBABr/water, 1.22 x
107* mol cm™?; ¢) 1.0 M NaClO4/water, 2.87 x 1072 mol cm™?; d) 0.25 M
TBACIO4/acetonitrile, 4.60 < 1072 mol cm™2; and e) 0.01 M NaBARF/isopropanol,
8.64 x< 10713 mol cm~2. All scan rates were set to 0.1 V/s.
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B7. Electrical and topographical characterization of

samples upon their oxidation
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Figure B8. a) One hundred current—potential (I-V) curves (conductive AFM) acquired
on anodically damaged Si(111) sample. The anodic process consisted of three cyclic
voltammetry cycles between —0.5 V and 1.0 V in aqueous 1.0 M HCIO4 and at a scan
rate of 0.1V/s. b) Average of the traces shown in panel (a). The sample was monolayer-

coated (1,8-nonadiyne) poorly doped (7—13 Q cm) CZ n-type Si(111) wafer.
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4.4 nm

Figure B9. AFM topography images of an anodically damaged Si(111) sample. The
sample was coated with a monolayer of 1,8-nonadiyne and then ramped between —0.5
V1o 1.0 V (100 cycles, 1.0 M HCIOa, scan rate 0.1 V/s). Scale bars are 2um in (a) and

400 nm in (b).
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B8. pH effects
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Figure B10. Representative cyclic voltammograms for anodically damaged Si(111)
electrodes under acidic conditions. The electrolyte varied between a) 1.0 M HCIO4, b)
0.1 M HCIO4, and ¢) 0.01 M HCIO4.The scan rate is 0.1 V/s. Data shown in figures are
recorded after having deliberately introduced an anodic damage to the electrode by
means of ramping the voltage between —0.5 V and 1.0 V for three consecutive cycles.
All electrodes were initially monolayer coated.
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B9. Controls with carbon

electrodes
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Figure B11. Cyclic voltammetry data of glassy carbon (a) and amorphous silicon
electrodes (b). Both samples were analyzed after performing three voltammetric scans
between —0.5 V and 1.0 V at the sweep rate of 0.1V/s in 1.0 M HCIOa.
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B10. Exposing a Si(110) facet in a lapped Si(111) wafer

Figure B12. Schematic depiction of the Si(110) lap in a commercial Si(111) wafer.
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Appendix C

This part is adapted from Supporting Information of the paper published by the American
Chemical Society in J. Phys. Chem. C 2021, 125, (33), 18197-18203, “Absence of a
Relationship Between Surface Conductivity and Electrochemical Rates: Redox-Active
Monolayers on Si(211), Si(111), and Si(110)”. It is modified with minor changes in order to fit

the general layout of this dissertation. This paper constitutes Chapter 4.
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C1. Additional results and discussions

211

111

110

Figure C1. a) Stereographic projection of silicon representing the crystallographic
orientation relationship of Si(111), Si(211), and Si(110) surfaces. These projections
illustrate the relative orientation of crystal planes (a 3D feature) on a 2D plane. b)
Schematic depiction of cutting directions that could be used to expose Si(110) and
Si(211) facets starting from a commercial Si(111) wafer. For instance, a lapped edge
in a commercial Si(111) wafer often marks the (110) surface. and can be used to
perform surface chemistry and electrochemistry on this facet. Alternatively, cleaving
the Si(111) wafer along a direction normal to the lapped edge will expose the Si(211)

surface.
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Figure C2. XPS narrow scans of the Si 2p and C 1s regions for 1,8-nonadiyne-
modified samples prepared on either: Si(211), (a—b); Si(110), (c-d), and Si(111), (e—
f). The substrate was p-type of 0.007-0.013 ohm cm resistivity. The black thick lines
are the experimental XPS data (108-92 eV for Si 2p, and 294-279 eV for C 1s), while
thinner black traces indicate the fitted contributions ascribed to Si 2p3/2 at 99.5 eV
(0.6 eV fwhm), Si 2p1/2 at 100.1 eV (0.6 eV fwhm)M, Si-bound to hydrogen (Si—H)
at 100.75 eV (0.9 eV fwhm)[?1, methylene carbons (C-C) at 285.0 eV (1.4 eV fwhm),
silicon-bound olefinic carbons (Si—-C=C) at 283.6 eV (0.9 eV fwhm), and oxygen
bond carbon (C-O) at 286.3 eV (1.4 eV fwhm)El The structure of the adventitious
C-0 bond is not fully elucidated, although the contamination has been reported in
several works.[+6]
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ct
- ||
Figure C3. Equivalent electrical circuit used to fit the electrochemical impedance

spectroscopy data. Rs stands for solution resistance, Rct for charge transfer
resistance, Cai for double layer capacitance, and Cads for adsorption pseudo-

capacitance.
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3.2nm 7.0 nm 3.5nm

Figure C4. Atomic force microscopy topography (height sensor) data for 1,8-
nonadiyne coated Si(111), Si(211), and Si(110), a—c respectively. All scale bars are
400 nm.

Surface topography. The roughness of the monolayer-coated silicon substrates was
assessed by AFM. Data shown in Figure C4 indicate that samples prepared on Si(111),
Si(211) and Si(110) were of the highest quality and highly smooth. Si(111) Rq values,
the root mean square of the surface roughness, were 0.24 £0.03 nm, and Ra, which is
the arithmetic roughness average of the surface, was 0.16 +=0.01 nm. Rq for Si(211)
was larger and changes in etching time were unsuccessful in further improving this. Rq
was 1.40 +0.12 nm, and Ra was1.06 +=0.06 nm. For Si(110) Rgq was 0.61+0.02 nm
and Ra 0.48+0.01 nm.
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