Terminal Deuterium Atoms Protect Silicon from Oxidation
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ABSTRACT

In recent years, the hybrid silicon-molecular electronics technology has been gaining significant attention for
applications in sensors, photovoltaics, power-generation and molecular electronics devices. However, Si-H
surfaces, which are the platform on which these devices are formed, are prone to oxidation, compromising the
mechanical and electronic stability of the devices. Here, we show that when hydrogen is replaced by deuterium,
the Si-D surface become significantly more resistant to oxidation when either positive or negative voltages are
applied to the Si surface. Si—D surfaces are more resistant to oxidation and their current—voltage characteristics
are more stable than those measured on Si—H surfaces. At positive voltages, the Si—D stability appears to be
related to the flat band potential of Si—D being more positive compared to Si—H surfaces, making Si—D surfaces
less attractive to oxidizing OH™ ions. The limited oxidation of Si—D surfaces at negative potentials is interpreted
by the frequencies of the Si—D bending modes being coupled to that of the bulk Si surface phonon modes, which
would make the duration of Si—D excited vibrational state significantly less than that of Si—H. The strong surface
isotope effect has implications in the design of silicon-based sensing, molecular electronics and power-
generation devices, and on the interpretation of charge transfer across them.
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of Si/Si02.2% The strong isotope effect on Si surfaces
is owed to the Si-D bond being more resistant to
electron excitation in comparison with Si—H bonds.” 8
Since the static electronic structure of the Si—H and Si—

1. INTRODUCTION

In 1996, Lyding performed scanning tunnelling
microscopy (STM) experiments to stimulate hydrogen

desorption from Si surfaces and found that it was
about 100 times more difficult to remove a deuterium
atom than it was to remove a hydrogen atom from Si
surfaces.> More recently, it has been shown that the
lifetime of metal-oxide—semiconductor transistors
increased when H was replaced by D at the interface

D bonds is similar, the strong surface isotope effect is
related to dynamics.®? Shen et al. proposed that the
STM induced desorption of hydrogen atoms from Si
proceeds via a multiple-vibrational excitation by
tunnelling  electrons.!®*  Electrons excite  Si-H
vibrational transitions with a rate proportional to the



tunnelling current. The extent to which vibrational
energy can be stored in the bond depends on the
lifetime, i.e., on the rate at which energy is lost by
coupling to bulk silicon phonons. Van de Walle et al.
proposed that both the vibrational lifetime and
dissociation mechanism are controlled by the Si—H
versus Si—D bending modes.** They proposed that the
bending modes of Si-D are coupled to bulk Si phonon
states. This is because the frequencies of the bending
modes for Si-D is theoretically expected to be closer
to the bulk Si phonon states than that of Si—H. The
coupling of Si-D bending modes to the bulk Si
phonons result in an efficient channel for de-
excitation. Therefore, it is expected that it will be more
difficult for Si-D to reach a highly excited vibrational
state that Si—H. Deuterium should therefore be much
more difficult to be removed from the Si surface.
However, these predictions were only supported by
low temperature STM experiments, and the effect of
the H vs D desorption on the oxidation of practical Si
devices, on the electrochemical rates when Si is bound
to redox species (e.g., those used in chemical and
biosensors), and on Si current-voltage characteristics
(e.g., those used in molecular electronics) remains
unknown.

In recent years, there is increasing interest in
modifying Si with organic monolayers to form a
hybrid technology that combine the semiconducting
properties of silicon with properties of organic
molecules.’>?* The applications of this technology
includes sensors,?>?” photovoltaics,?®3* and molecular
electronics devices.®*3" In most of these applications,
the typical procedure is first to remove the natural
oxide layer that forms on the Si surface to expose the
reactive Si—H surface. The Si—H surface is then
reacted via a hyrdosilylation reaction mainly with
alkenes or alkynes.?t 347 The reaction yields an
organic monolayer of density ~ 50% and the
remaining unreacted sites stay as Si—H. These Si—H
sites are reactive towards oxygen and water and
initiate an oxidation of the silicon surface.®® The oxide
layer grows on the surface of the silicon atoms and in
between the Si atoms of the surface, change Si-Si
bond angles, break bonds and extend inside the bulk
Si structure. The mechanism of oxidation of Si
surfaces is a subject to continuous debate. While at
positive potentials, it is believed that OH" reacts with
the Si surface, it is less clear how oxidation happens at
negative potentials. A possible explanation for

negative potential oxidation is that the current-induced
dissociation of the Si—H bonds creates radicals which
then react with molecular oxygen that initiates
oxidation.*® This oxidation has a detrimental effect on
Si devices. For example, oxidation can desorb the
monolayer, thereby changing the conductivity and the
rate of electron transfer at the interface — a typical
measurement used for sensing applications.®® As a
consequence, there has been increasing interest in
either avoiding or preventing the re-growth of the
insulating oxide layer on bare silicon electrodes. These
efforts include forming molecular films with dense
polymeric structures, or by using impermeable 2D
materials, such as graphene or graphene oxide to
protect Si from oxidation.*® In 1998, Luo and Chidsey
first reported the method of deuterium-terminated
silicon surfaces by using a solution of KF and DCI in
D20.% Since then, several papers utilizing this method
have been reported.>>3

In this study, we compare Si—H and Si—D surfaces, in
terms of their ability to resist oxidation and how this
affect the conductivity and the rate of electron transfer
across the Si surface at positive and negative voltage-
biases. The biases were supplied either by potentiostat
in a wet electrochemical experiments or by using
conducting atomic force microscopy on a monolayer
formed from nonadiyne on Si. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy
(EIS) were then used to determine the molecular
surface coverage and electron transfer Kkinetics.
Voltage—current electrical measurements were used to
contrast the topography of oxide formed with its
conductivity. UV photoelectron spectroscopy (UPS)
was used to determine the band edges of the different
surfaces. Time-resolved photocurrent mapping was
used to determine electron-hole recombination time
constant.

2. MATERIALS AND METHODS
2.1 Materials

Unless specified otherwise, all chemicals were of
analytical grade and used as received. Chemicals used
in surface modification and electrochemical
experiments were of high purity (>99%). Milli-Q
water (>18 MQ cm) was used for surface cleaning,
glassware cleaning and for the preparation of the
electrolyte solutions. Dichloromethane (DCM) and 2—
propanol were distilled before use. Hydrogen peroxide



(30 wt% in water) and sulfuric acid (Puranal TM, 95—
97%) were used for wafer cleaning. Deuterated water
(D20), deuterated dichloromethane (CD2Cly),
potassium fluoride (KF), and Ammonium fluoride
(NH4F) were purchased from Sigma-Aldrich and used
for wafer cleaning and etching to prepare deuterated
Si surfaces. 1,8—Nonadiyne (98%) was obtained from
Sigma-Aldrich and used as received.
Azidomethylferrocene  was  synthesized  from
ferrocene methanol as per established procedures.>
Aqueous perchloric acid (1.0 M) was used as the
electrolyte in all electrochemical measurements.
Silicon wafers were purchased from Siltronix, S.A.S.
(Archamps, France), p-type boron doped, and had a
thickness of 500 + 25 um and a resistivity of 0.007—
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2.2 Surface Modification

2.2.1 Silicon preparation

Silicon electrodes were cleaned and etched by the
following literature procedures.® 3% 5% 55 In prief, for
Si-D surfaces, silicon wafers were cut into pieces
(approximately 1 x 1 cm), cleaned in hot Piranha
solution (130 °C, 3:1(v/v) mixture of concentrated
sulfuric acid to 30% hydrogen peroxide) for 20
minutes, (S-2, Figure 1) then rinsed with water and
etched in a solution of anhydrous potassium fluoride
(KF) (40 wt% in D20) to which were added a few drops
of 37% deuterated hydrochloric acid (DCI) and
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Figure 1. Schematic of the SAMs studied. Oxide—free silicon (Si—-H, Si—D) electrodes (S-1, S-2) are
prepared and then reacted with 1,8-nonadiyne via a hydrosilylation reaction to form SAMs S-3 and S—4.

Electrochemical potentials of + 0.6, + 1.0, + 1.5V, —

0.6V,-1.0V,and-1.5V are then applied to SAM S—

3 and S—4 to form SAM S-5 and S-6, respectively. A ferrocene moiety is attached to the distal end of SAMs
S-5 and S-6 by a copper-catalyzed azide-alkyne “click” reaction to yield the redox-active SAMs S—7 and
S-8. On the other hand, C-AFM induced oxidation of SAMs S-1 and S-2 were obtained by applying + 0.5,
+ 2, + 3 and, + 5V bias-voltage to yield SAM S-9. The schematic assumes that the oxide grows progressively
from the molecular scale to the nanoscale and then to the microscale.



a small quantity of anhydrous sodium sulphite under a
stream of argon for 13 minutes. The etched surfaces
were rinsed with D>O water and CDCl; before being
placed in a deoxygenated sample of 1,8—nonadiyne.
For Si—H surfaces, a similar procedure was followed
except for using the typical ammonium fluoride
etching. After cleaning in hot piranha solution (130 °C,
3:1(v/v) mixture of concentrated sulfuric acid to 30%
hydrogen peroxide) for 20 minutes, (S-1, Figure 1) the
Si—H surfaces were rinsed with water and etched in
deoxygenated (40 wt%) aqueous ammonium fluoride
solution under a stream of argon for 13 minutes. The
etched surfaces were rinsed with Milli-Q water and
CH.Cl; before being placed in a deoxygenated sample
of 1,8-nonadiyne. The surfaces (S-3 and S—4, Figure
1) were then rapidly transferred to a glass board which
was covered by quartz and kept under positive nitrogen
flow pressure, and illuminated with UV light (Vilber,
VL-215.M, A =312 nm) for 2 hours.

2.2.2 Electrochemical oxidation

Amperometric I-T measurements were run at different
voltage (+ 0.6, +1,+1.5,-0.6,— 1, and — 1.5 V) for 1
minute, 5 minutes, and 10 minutes. The 1,8-nonadiyne
SAMs served as working electrode, a platinum wire as
the auxiliary electrode, and an Ag/AgCl aqueous
electrode (1.0 M KCI, CH Instruments, USA) as the
reference electrode. Aqueous 1.0 M perchloric acid
was used as the electrolyte.

2.2.3 Copper-catalysed “click”

reaction

azide—alkyne

The electrochemically oxidized 1,8—nonadiyne SAMs
(S5 and S-6, Figure 1) were reacted with
azidomethylferrocene through a copper-catalysed
“click” reaction to yield SAMs S—7 and S-8. In brief,
S-5 and S-6 samples were incubated for 120 minutes
in a solution of 0.4 puM copper (II) sulphate
pentahydrate, sodium ascorbate (5 mg/mL) and 0.5
mM azidomethylferrocene, under dark conditions. The
silicon surfaces were then removed from the solution
and washed sequentially with 2-propanol, Milli-Q
water, 0.5 M hydrochloric acid, Milli-Q water, 2-
propanol and DCM. Finally, the silicon substrates (S—
7 and S-8) were blown dry with a stream of argon
before analysis.

2.3. Surface characterization
2.3.1 Electrochemical measurements

Electrochemical measurements were carried out in a
single-compartment, three-electrode PTFE cell using a
CHI650 electrochemical workstation (CH
Instruments, USA). The modified silicon surface
served as the working electrode, a platinum wire as the
auxiliary electrode, and an Ag/AgCl aqueous electrode
(1.0 M KCI, CH Instruments, USA) as the reference
electrode. Aqueous 1.0 M perchloric acid was used as
the electrolyte. The electrical contact between silicon
and copper was reached by rapidly rubbing gallium
indium eutectic on the back side of the silicon
substrate. EIS measurements were carried out with a
DC offset equal to the half-wave potential (Eiz)
measured in the CV experiments. The AC amplitude
was 15 mV and the frequency was scanned between
0.1 and 100,000 Hz. The surface coverage (I') of
ferrocene  molecules was calculated from the
integration of the CV oxidation waves according to
equation: T' = Q/nFA, where Q is charge, n is the
number of electron transfer, F is the Faraday constant
and A is the area of the electrode (cm™2). The out-of-
phase impedance (Z") was used to estimate the
electrode  capacitance (C= 1/(wZ")%). The
capacitance was used to determine the Mott-Schottky
plot (1/C?).

2.3.2 Conductive Atomic Force Microscope (C-
AFM)

Tip induced oxidation was performed on Bruker
Dimension PF-TUNA atomic force microscopy in
ambient conditions (21 °C and 30% relative humidity).
All images and current-voltage (I-V) curves were
obtained with solid Pt tips (RMN-25PT300B, Rocky
Mountain Nanotechnology), with nominal spring
constant of 18 N/m, nominal resonant frequency of 20
kHz, and tip radius < 20 nm in air at room temperature.
The silicon wafers were oxidized by applied biases
ranging from 0.5 to 5 V. -V curves were obtained by
ramping 20 times in each position at a peak force of
2.25 uN and 1 Hz ramp rate.

2.3.3 Contact angle analysis

The wettability of the Si surfaces was measured by an
automated static water contact angle with a Kriiss DSA
100 goniometer. The reported values are the average



of at least three droplets, and the error bars represent
the standard deviation of three measurements on three
different surfaces.

2.3.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis of
the monolayer-modified silicon surfaces was
performed on a Kratos Axis Ultra DLD fitted with a
monochromatic Al Ka (hv1486.6 eV) radiation source
operating at 225 W, and a hemispherical analyzer (165
mm radius) running in fixed analyzer transmission
mode. The photoelectron take-off angle was normal to
the sample, and the chamber operated at 2 1078 Torr.
The analysis area was 300 x 700 um, and an internal
flood gun was used to minimize sample charging.
Survey spectra (accumulation of three scans) were
acquired between 0 and 1100 eV, with a dwell time of
55 ms, a pass energy of 160 eV, and a step size of 0.5
eV. High-resolution scans (accumulation of 10 scans)
used a pass energy of 20 eV, and a step size of either
0.05 eV (Si 2p, 90-110eV), or 0.1 eV (C 1s, 277-300
eV). XPS data were processed in CasaXPS (version
2.3.18) and any residual charging was corrected by
applying a rigid shift to bring the main C 1s emission
(C—C) to 284.7 eV.

2.3.5 UV photoelectron spectroscopy (UPS)

UPS was used to determine the work function of the
surfaces. Details can be found in previous publications.
Here we summarize the main features of the method.
He I UV light was produced by a metastable helium
atom (He* in the 3S;state) source which emits
He* and He | UV light simultaneously from a cold
cathode two stage discharge source. Electrons emitted
due to the impact of UV photons and He* are separated
by a chopper. A bias voltage of 10 V was applied to the
sample stage. The excitation energyin the UPS
experiments was 21.22 eV.

2.3.6 Time-resolved photocurrent mapping

Spatially resolved measurements of photocurrent
decay kinetics (photocurrent mapping, PCM) were
performed with a NX10 AFM (Park Systems
Corporation) fitted with a PCM module controlling a
pulsed red laser (635 nm, 5 mW nominal power
output). The laser on/off time was controlled by the
Systems SmartScanTM software, and dark C-AFM
conditions were ensured by temporarily switching off

the AFM tip feedback. The photocurrent acquisition
time was set to 20 ms, and a 4 ms laser pulse started
after a 3-ms delay from the acquisition start point. No
external bias was applied during the measurements.
Junctions analyzed in the time resolved PCM
experiments were formed by contacting the silicon
wafers and AFM platinum tips (25Pt300B) with no
relative movement between them. For each sample,
PCM measurements were taken at 100 different
locations.

3. RESULTS

3.1. X-ray photoelectron spectroscopy (XPS)

Figure 2a and 2d shows the XPS Si 2p narrow scan for
freshly prepared surfaces, the surfaces oxidized at— 0.6
V (Figure 2b and e), and the surfaces oxidized at — 1.5
V (Figure 2c and f). For SAM S-1, the amount of SiOx
at 102 eV (relative to Si at 98-100 eV) increase from
0% (below detection limit in XPS) to 20.7% and
43.0% when the voltage increased from — 0.6 V
(applied for 1 minute) to — 1.5 V (applied for 10
minutes), respectively (Figure 2a-c) (Table S1,
Supporting information). On the other hand, the
deuterated SAM S-2 showed an increase from 0%
(below detection limit in XPS) to 1.7% and 29.5%
when the voltage increased from — 0.6 V (applied for 1
minute) to — 1.5 V (applied for 10 minutes),
respectively (Figure 2d-f) (Table S1, Supporting
information). The Si 2p high resolution envelope was
fitted by two peaks, with the main emission composed
of one spin-orbit split with two peaks at 98.85 eV and
99.45 eV, corresponding to the Si 2ps2 and Si 2p1. for
low and high energy spins, respectively. 65 The XPS
survey and O 1s spectra are shown in Figures S1 and
S2 (Supporting Information). A similar trend was also
obtained when positive voltages were applied to the
surfaces (Figure 2g-1).%% % In addition XPS
measurements performed on Si—H and Si-D surfaces
at ambient conditions showed the Si-D surfaces is
advantageous over Si—H surfaces in preventing the
oxidation of the surfaces. The results show the oxide
increase from 0 % to 18 % and from 0 % to 12 % on
Si—H surface and Si-D surface, respectively after 15
days (21 °C and 30% relative humidity). (Supporting
Information, Figure S3). The XPS results are
consistent with water contact measurements which
were lower as a function of the applied voltages for Si—
D vs Si—H surfaces (See Supporting Information,
Figure S4 and S5).
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Figure 2. XPS high resolution Si 2p spectra for SAMs S-1 (a) freshly prepared, (b) after oxidation at — 0.6
V, and (c) after oxidation at — 1.5 V. XPS high resolution Si 2p spectra for SAMs S-2 (d) freshly prepared,
(e) after oxidation at — 0.6 V, and (f) after oxidation at — 1.5 V. XPS high resolution Si 2p spectra for SAMs
S-1(g) freshly prepared, (h) after oxidation at + 0.6 V, and (i) after oxidation at + 1.5 V. XPS high resolution
Si 2p spectra for SAMs S-2 (j) freshly prepared, (k) after oxidation at + 0.6 V, and () after oxidation at +
1.5 V. FTIR spectra for silicon powder at freshly prepared and after oxidation at ambient conditions (21 °C
and 30% relative humidity) for 30 days, m) Si—H, n) Si-D. Si-D stretching is clearly visible at 1420 cm™, also
Si-D bending is clearly visible at 565 cm™. These signals become weaker after leaving the Si—-D surfaces at
ambient conditions for 30 days. Si—H stretching and bending are weak even in the fresh state.



3.2. Fourier-transform infrared spectroscopy
(FTIR)

FTIR experiments were performed on silicon powder
obtained by grinding Si wafers. The silicon was
grinded with a mortar and then etched using the same
procedure used with the flat silicon wafers. Si-H
powder starts with a significant amount of oxide, with
Si—O stretching appearing at 714 cm™ and Si-O-C
stretching at 1077 cm™. Only small signals appear at
626 cm ! and between 2000-2200 cm ™, which are
attributed to Si-H bending and stretching,
respectively. On the other hand, on Si-D surfaces, Si—
D stretching is clearly visible at 1420 cm™; also Si-D
bending is clearly visible at 565 cm™. These signals
become significantly weaker after leaving the Si-D
surfaces at ambient conditions for 30 days. (Figure 2m,
n). The signal at 885 cmis related to SiD2 scissors.
Importantly the Si-D bending at 565 cm™ is
significantly closer (versus Si—H at 626 cm™) to the Si
phonon modes (452 cm™Y). The proximity of the Si-D
bending modes to the bulk Si phonons is expected to
result in an efficient channel for de-excitation.
Therefore, it is expected that Si—H surfaces will reach
a highly excited vibrational state for a longer time
compared to Si—D. Deuterium should therefore be
much more difficult to be removed from the surface.
This is especially the case if H or D desorption are
involved in Si oxidation.

3.3. Electrochemical Studies

We first tested whether a typical hydrosilylation
reaction with alkynes works equally on Si-D and on
Si—H surfaces. While, the reaction was successful on
both type of surfaces, the surface coverage was lower
on Si-D surfaces when the reaction time of the
hydrosilylation reaction was short (10 minutes).
However, when the reaction was carried for 120
minutes, both Si—H and Si-D showed similar amount
of surface coverages. The coverages were determined
indirectly by attaching a ferrocene at the distal end
after the hydrosilylation reaction by an azide-alkyne
click reaction. (Figure S6, Table S2, Supporting
Information). These results are an indication that the
desorption of Si—D from the surface is slower than that
of Si—H surfaces inferred by the higher surface
coverages obtained on Si-D compared to Si-H
surfaces. To compare the level of oxidation in the
protonated and deuterated Si surfaces
electrochemically under the influence of bias-voltages,

we used similar type of surfaces, i.e. attaching a
ferrocene moiety at the distal ends of the partially
protonated (SAM S-5) and partially deuterated (SAM
S-6). We then monitored the molecular surfaces
coverages and the rate constant of electron transfer
across the interface. When the Si oxidizes, it is
expected the ferrocene terminated molecules will
desorb for the surface leading to a decrease in the
surface coverage and a lower charge transfer kinetics
due to a reduced lateral electron transfer between
neighboring ferrocene moieties.®® First, we measured
the nonadiyne surface coverage after applying + 0.6, +
1.0,+1.5,-0.6,— 1.0, and — 1.5 V. For this purpose,
the potential was first applied to SAMs S-3 and S—4
for a specific amount of time. These surfaces are the
partially protonated (S-3) and deuterated (S-4)
nonadiyne terminated surfaces before any induced
oxidation (See Figure 1). The resulting SAMs S-5 and
S—6 were then reacted with azidomethylferrocene via
an azide-alkyne “click” reaction yielding SAMs S—7
and S-8. Figure 3 show the CVs for SAMs S—7 and S—
8 after applying a potential of + 0.6, + 1.0, + 1.5, — 0.6
,—1.0,and - 1.5

V for 1 minute, 5 minutes, and 10 minutes on SAMs
S-5 and S-6. The CVs show the characteristic redox
peaks of the ferrocene moiety at ~ 0.45 V vs Ag/AgCl
(Figure S7, Supporting Information). The key
observation from the CVs is the decrease in molecular
coverage with the magnitude and duration of the
applied potential but of different magnitude for the
protonated and deuterated surfaces respectively. In all
cases the Si-—D surfaces performed better than Si-H
surfaces in terms of oxidation both at negative and
positive potentials. This is especially the case when the
biases applied are moderate and when the Si surface is
biased negatively (— 0.6, — 1V) and when applied for a
shorter period of time (1, 5 minutes). For example, The
surface coverage of SAM S-8 decreases by ~ 2% from
(1.65 + 0.38) x 10 ferrocene cm™2in the fresh state to
(1.62 + 0.34) x 10 ferrocene cm~2 when the potential
of — 0.6 V applied for 1 minute on the partially
deuterated SAM S-6. In contrast, the molecular
coverage in SAM S-7 decreases by ~ 31% from (1.89
+0.47) x 10 ferrocene cm2in the fresh state to (1.31
+0.29) x 10 ferrocene cm~2 when a potential of — 0.6
V was applied for 1 minute on the partially protonated
coverage of SAM S-8 decreases by ~ 40% from (1.65
+0.38) x 10 ferrocene cm2in the fresh state to (9.87
+ 2.37) x 10'® ferrocene cm 2 when the potential of +
1.0 V applied for 5 minutes on partially deuterated



SAM S-6. In comparison, the molecular coverage in
partially protonated SAM S-7 decreases by ~ 50%
from (1.89 + 0.47) x 10 ferrocene cm2in the fresh
state to (9.32 + 2.39) x 10*3 ferrocene cm™2 when the
potential of + 1.0 V was applied for 5 minutes on the
partially H-terminated SAM S-5. This agrees with
what we proposed in the introduction that the

mechanism by which oxidation happens at positive and
negative voltages are different. At negative voltages,
the main contributor to the oxidation is desorption of
the D and H from the surface. Because D is much more
difficult to remove from the surface, the Si-D is
significantly more resistant to oxidation at negative
voltages.

‘ 0.6V -1.0V —1.5V |
I a) __Fresh b) —Fresh <) —Fresh d) |
1 minute —1 minute 1 minute — -0BV
‘ QFE@ | —5 mmul; 5_minutes _?D m!nm:s —~ x10M = qov |
| N 15! __10 minutes 15 — 10 minutes 15 — 10 minutes :g 24 15V )
! W 10 10 1 220 |
\ T sl % 5 e 5 816 '
‘ H E 0 é 0 g 0 2 12 ;
A 2.5 55 5 Foa '
| i -10- 10 -10 5 |
‘ Si-H P . A 15 §0.4 |
T 00 02 04 06 08 00 02 04 06 08 00 02 04 06 08 Fresh 1 5 0
: negative voltages E (Vvs AgiAgCl, 1M KCI) E (V vs AgiAgC, 1M KCI) E (V vs AgiAgC, TMKCI) Tirme (minutes) |
&) __Fresh g) — Fresh h) -
| —I;resh e —1 minute —1 minute a0 B ?8¥ |
[ Fo) 5 i 15 —5 minutes 45 5 minutes & % T4y
== IS MINUIBS 1 — 10 minutes _10minutes £ 2.4
15 — 10 minutes { = |
‘ Moy 10- 10 220
| N .10 n‘lﬂ (\Il" [~ |
o £ 5 §5 1.6
| £ 5 o 1 5 |
\ <0 Lo- 2o S92 .
D%D = = _| = o .
¢ = = 5. 5 2
| ‘ =5 I o8 1 [
‘ Si-D -10 -104 10 304 '
| (SAMs S-8) 00 02 04 06 08 00 02 04 08 08 00 02 04 06 08 Fresh 1 5 10 !
| negalive voltages E (Vvs AgiagCl, M KCI) E (v vs Ag/ACI, TMKCI) E (V vs Ag/AgCI, IMKCI) Time (minutes) I
| |
___________________________________________________ _Jl
LD == ===Z=s=Z=========================Z===============&=z2==2
| +06V +1.0V +15V |
: I
I i) —Fresh ) —Fresh k) —Fresh h
| e 1 minute 1 minute 1 minute )
: 9 "5 _minules _5 minutes 5 mindes o x1o® 0BV |
15 10 minutes — 10 minutes 10minutes 1.0V
| R 15 15 by VI
: W 1 10 ~10 ' |
5 5 %5
| 5 § o £ 5 I
I H%H L €9 N '
| | < | =0 = =5 |
-0 -10
| Si-H -15 A5 15 I
| (SAMs S-T) 00 02 04 06 08 00 02 04 06 08 00 02 04 06 08 Fresh 1 5 10 |
| Ppositive voltages E (V vs Ag/AgCI, IMKCI) E (V' vs Ag/AgCl, IMKCI) E (V'vs AgifgCl, 1M KCl) Time (minutes) |
| m) ny o) p) |
| —Fresh —Fresh —Fresh :
| ?Feﬁ —1 minute —1 minute 1 minute 10" 06V |
5 minutes 5_minutes 5 minutes Tiov
| NJ“ 15 - 10 minutes 15 10 minutes 15 — 10 minutes 'g 24 Y] |
| 10 - 10 P 10 220 |
| gl Ls £ 5 2 !
| b § . § E g1o |
by 109 10 20 Stz
' ‘ 5 5- =55 = os :
' Si-D 0. -10 -10 §u 4
el 00 02 04 06 08 00 02 04 06 08 00 02 04 06 08 Fresh 1 5 o |

positive voltages E (v vs Ag/AGCI, 1M KC)

E (V vs AgiAgCl,

MKGI) E (V vs Ag/AQCI, IMKCI)

Time (minutes)

Figure 3. Cyclic voltammetry for SAMs S-7 which is obtained after applying to SAMs S-5 an
electrochemical potential of a) - 0.6 V, b) — 1.0 V and, ¢) — 1.5 V for 1, 5 and 10 minute, respectively. Cyclic
voltammetry for SAMs S—8 which is obtained after applying to SAMs S—6 an electrochemical potential of e)
-06V,f)—1.0Vand, g)— 15V for 1, 5and 10 minute, respectively. Cyclic voltammetry for SAMs S—7
which is obtained after applying to SAMs S-5 an electrochemical potential of i) + 0.6 V, j) + 1.0 V and, k)
+1.5 V for 1, 5 and 10 minutes, respectively. Cyclic voltammetry for SAMs S-8 which is obtained after

applying to SAMs S—6 an electrochemical potential

ofm)+0.6V,n)+1.0Vand, o)+ 15Vforl,5and

10 minutes, respectively. The corresponding surface coverages (d), (h), (1), and (p) are calculated from the
oxidation waves of the CVs in (a), (b), (c), (e), (f), (9), (i), (), (k), (m), (n), and (0). The error bars in (d),
(h), (), and (p) are the standard deviation of surface coverages from the mean value of three different
surfaces. All CVs data were performed at the scan rate of 0.1 V/s.



Table 1. The decrease in molecular coverages as a function of voltage and voltage duration applied for

SAMs S-7 and S—-8 compared with the fresh state (%).

Time 1 minute 5 minutes 10 minutes

Si-H Si-D Si-H Si-D Si-H Si-D

Voltage (S-7) (S-8) (S-7) (S-8) (S-7) (S-8)
_06V | 319%+2% | 2% +0.2% | 42% 4% | 10% % 1% | 48% + 3% | 24% + 3%
10V | 38%+4% | 21%+1% | 50% +4% | 30% % 2% | 56% + 6% | 40% + 4%
_15V | 45%+3% | 37%+4% | 54% £ 7% | 41% 5% | 57% £ 5% | 42% + 6%
+06V | 41%+5% | 40% £3% | 47% 5% | 43% + 2% | 50% + 5% | 46% + 5%
+10V | 38%+4% | 350%+4% | 50% + 6% | 40% + 4% | 58% + 5% | 47% * 6%
+15V | 60%+6% | 550 +4% | 66% +8% | 60% £ 5% | 72% + 7% | 64% + 5%

At positive voltages Si—D is also more resistant to
oxidation then Si-H but because the oxidation is
induced by the ability of the surface to attract OH", the
difference is not as high.%® The molecular coverage
decrease rate are shown in the Table 1.

Another parameter used to monitor oxidation of the Si
is measuring differences in the charge transfer kinetics
as a function of the applied biases. Electrochemical
impedance spectroscopy (EIS) was performed on
SAMs S-7 and S-8. (Figure 4) SAMs S-7 and S-8
served as the electrodes and 1 M perchloric acid served
as the electrolyte. The Randles circuit used to fit the
EIS data and the charge transfer resistance was
extracted and the rate constant calculated (Figure S8,
Supporting Information). It is expected that the rate
constant of electron transfer will follow the decrease in
surface coverage observed in section 3.3.

This is because decrease in surface coverage reduce
lateral electron transfer between ferrocene moieties
which in turn reduces the overall standard rate constant
(ket). The decrease in ket followed the same trend
observed for the decrease in molecular coverages as a
function of the applied potentials. This is especially the
case when the biases applied are moderate and when
the Si surface is biased negatively (— 0.6, — 1V) and
when applied for a shorter period of time (1, 5
minutes). For example, the rate constants (ket) of SAM
S-8 decreases by 18% from (21.37 + 0.92) s in the
fresh state to (17.43 + 0.64) st when the potential of —
0.6 V was applied for 1 minute on SAM S-6. In
comparison, SAM S—7 decreases by 27% from (170.76
+ 6.29) st in the fresh state to (124.97 + 12.19) s

when the potential of — 0.6 V applied for 1 minute on
SAM S-5. When higher biases are applied for longer
time, the SAM S-5. Similar trend was observed at
positive voltages but the differences is smaller. The
surface protonated and deuterated version of the
surfaces show approximately equal oxidation. Details
are provided in Table 2.

3.4. Conducting AFM studies

After performing the wet electrochemical experiments,
C-AFM was used to test how a bias—voltage applied
between a Pt AFM tip and the Si-D surface (SAM S—
2, Figure 5f—j) affects current-voltage measurements
typically used in semiconductor measurements. These
experiments differ from the electrochemical
experiments (section 3.3) in that they are performed in
dry conditions without an electrochemical control. The
bias voltage between the tip and the surface was
applied to SAM S-2 at specific location for 8 minutes.
Topography images were then recorded at low bias—
voltages to check what the effect of the previous bias—
voltage applied was (Figure 5a—e). On Si—H surfaces*,
it was previously demonstrated that the oxide thickness
increased with the magnitude of the bias—voltage
applied from (1.0 £ 0.36) nm to (6.3 £ 0.37) nm as the
bias-voltage increased from + 0.5 V to + 5 V. Also on
Si—H the oxide square created in the center of the
surface becomes clearly visible at + 0.5 V. In contrast,
Si-D surfaces the oxide square does not reach
detectable thickness until + 5 V. In addition, -V
measurements were performed on and outside the
oxide areas. When the bias-voltage applied exceeded +



0.5 V, the resulting oxide growth affected the
magnitude of the current compared to that recorded on
unbiased surfaces (Figure 5k—0). On the Si—D surfaces,
the 1-V curves changed from a typical rectifying
metal-semiconductor junction to nearly an insulator
for applied potentials beyond + 5 V, however, on the
Si—H surfaces, switching to the insulating state that
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completely blocks the current occurred at a lower bias
voltage of + 3 V. Also on Si—H surfaces, the -V
curves deviate from their initial state (on surfaces
before applying the voltages) on surfaces that was
exposed to a bias as little as + 0.5 V. However on Si—
D surfaces the 1-V characteristics remains stable up to
+3V.

Figure 4. Nyquist plots from EIS measurements of SAMs S—7 which is obtained after applying to SAMs S-5
an electrochemical potential of a) — 0.6 V, b) — 1.0 V and, ¢) — 1.5 V for 1, 5 and 10 minutes, respectively.
Nyquist plots from EIS measurements of SAMs S—8 which is obtained after applying to SAMs S-6 an

electrochemical potential ofe) - 0.6 V, f) - 1.0 V and,

g)—1.5Vfor 1, 5 and 10 minutes, respectively. Nyquist

plots from EIS measurements of SAMs S—7 which is obtained after applying to SAMs S-5 an electrochemical
potential of i) + 0.6 V, j) + 1.0 V and, k) + 1.5V for 1, 5 and 10 minutes, respectively. Nyquist plots from EIS
measurements of SAMs S—8 which is obtained after applying to SAMs S—6 an electrochemical potential of m)
+0.6V,n)+1.0Vand, o)+ 15V for 1,5 and 10 minutes, respectively. The corresponding evolution in Ket

(d), (h), (), and (p) are calculated from the oxidation

waves of the CVs in (a), (b), (c), (e), (f), (9), (i), (), (),

(m), (n), and (0). The error bars in (d), (h), (1), and (p) is the standard deviation of ket from the mean value of
three different surfaces. All fitting data were shown in the Table S3-S15 (Supporting Information).



Table 2. The decrease in ket for SAMs S—7 and S-8 as a function of voltage and voltage duration applied
compared to a freshly prepared surface (%).

Time 1 minute 5 minutes 10 minutes

Si-H Si-D Si-H Si-D Si-H Si-D

Voltage (S-7) (S-8) (S-7) (S-8) (S-7) (S-8)
-06V 27% £ 4% | 18% + 2% 40% + 5% 21%+£2% | 54% +5% | 25% + 3%
-10V 32% + 3% | 23% = 2% 47% + 4% 35% +3% | 71% 6% | 40% + 3%
-15V 38% = 5% | 34% = 4% 50% £+ 7% 42% +4% | 79% 7% | 58% £ 5%
+06V 22% = 3% | 20% % 2% 56% * 6% 93% +4% | 71% 7% | 62% +5%
+10V | 78%+£7% | 75% +£7% | 92% +3% | 91%+4% | 94% +5% | 93% * 4%
+15V 97% £ 2% | 87% = 4% 98% * 2% 95% + 3% | 99% + 0.5% | 96% + 2%

4 DISCUSSION in the electrochemical measurements or from water

The electrochemical and electrical measurements
above indicate that Si-D is more resistant to oxidation
than Si—H in both the electrochemical and the C-AFM
studies. In the electrochemical experiments, the Si-D
was more resistant to oxidation especially at negative
voltages. For example in the XPS, when the bias
voltage applied was — 0.6 V for 1 minute, the oxide
content on Si—D was not detectable compared to 20.7%
on Si—H. This is consistent with what was observed in
the electrochemical measurements, which showed
when the bias-voltage applied was — 0.6 V for 1
minute, the molecular coverage decreased 2% on Si-D
surfaces, however, a decrease of 31% was observed for
Si—H surfaces. In the C-AFM experiments, the oxide
thickness increases from 0 nm to (6.3 £ 0.37) nm when
the bias-voltage increase from 0 V to + 5 V on Si-H
surfaces. At higher voltages of £ 1.5 V, the differences
between Si-H and Si-D become very small. At
negative potential/biases, there is in stark contrast to
Si—D surfaces that resisted any oxidation up until 5 V.
Si—H bonds are expected to reach a highly excited
vibrational state for a longer time as compared to Si—
D, and therefore, Si-D is expected to better resist
cleavage than Si—H 5. These vibrational properties of
the bond likely explain the reason why Si-D is more
stable and more resistant to oxidation than Si—H when
the Si is biased negatively. At positive potential and
biases, however, oxidation of silicon is usually
dominated by the attraction of OH™ from the solution

adsorption on the surface in C-AFM studies®. This
interpretation is consistent with the differences in the
work functions of Si—-H versus Si-D surfaces
determined by UV photoelectron spectroscopy (UPS),
which revealed a work function of 4.92 eV for Si-H
surfaces and 5.33 eV for Si-D surfaces, respectively,
indicating that it requires more energy for the Si-D to
become positively charged and consequently attract
OH-ions. To further investigate whether the adsorption
of OH" on Si-H is different than Si-D, the flat band
potential of each surface was determined. SAMs S-1
and S-2 served as the electrodes and 1 mM
tetrabutylammonium hexafluorophosphate dissolved
in 10 mL of acetonitrile served as the electrolyte.
Figure 6¢, d show Mott-Schottky plot via which the flat
band potential for S-1 and S-2 surfaces were
determined. It is expected that the further the applied
potential from flat band potential is for each surface,
the more capable is the surface in attracting OH". At
the applied voltage range of + 0.6-1.5 V, Si-H
surfaces will be comparably more positively than Si—
D (flat band potential of Si—H is 130 mV more negative
than Si—D surfaces). The greater ability of the OH" to
adsorb on the Si—H surfaces makes it more prone to
oxidation as compared to Si—D at positive voltages.

To investigate the effect of dissolved oxygen on the
oxidation process, we performed the experiment
(applying electrochemical potentials) after saturating
the solution with bubbled oxygen.
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Figure 5. (a—e) Cartoons describing the respective experiments and each surface. AFM topography of the
oxide squares obtained on SAM S-2 by AFM—tip induced oxidation at no bias—voltage (0 V) (f), + 0.5V (g),
+ 2V (h), + 3V (i) and + 5V (j) for 8 minutes. 1-V curves of the S-1 biased at0 V (k), + 0.5V (I), + 2V
(m), + 3V (n), + 5V (0). The red line in Figure (k—0) is the average TUNA current for 20 curves. Positive
bias means the Si is positively biased relative to the tip. The data for Si—H is from Ref. 68.43

The results show that for SAMs S-8, the coverage
decrease less from (1.65 + 0.38) x 10 ferrocene cm™
to (1.09 + 0.29) x 10* ferrocene cm™2 after oxygen gas
was bubbled at + 1 V for 5 minutes. On the other hand,
the coverage of SAMs S—8 decrease from (1.65 £ 0.38)
x 10 ferrocene cm 2 to (8.79 + 2.29) x 10*2 ferrocene
cm? after oxygen gas was bubbled at —1 V for 5
minutes. (Figure S9, Supporting Information)
Therefore, it appears that the presence of dissolved O>
affect the oxide layer formation more significantly at
negative voltages, while it appears that at positive
voltages the major contribution to oxidation is the OH"
ions.

Finally, ~we have performed time-resolved
photocurrent mapping which revealed a recombination
time constant of (44.3 £ 15.7) pus and (51.8 = 19.6) us
for Si-D and Si—H surfaces, respectively. The
comparable decay indicates that Si—-D has similar
surface defects of typical Si—H surfaces.

5. CONCLUSIONS

In summary, we demonstrated that when H is replaced
with D, Si oxidation is significantly inhibited when
subjected to high electric fields. Whether it is in
macroscale electrochemical experiments or nanoscale
current—voltage measurements, Si—D surfaces perform
significantly better than Si—H surfaces. We therefore
recommend changing the typical procedures used in
etching Si and endorse Si-D surfaces instead of Si—H
surfaces for applications requiring non-oxidized Si
surfaces. This recommendation is applicable for
electrochemical biosensors based on Si which utilizes
electrochemical signals® ®, Si-based molecular
electronics devices®®®, and Si-based triboelectric
generators®®,

The strong isotope effect is interpreted by the
frequency of the bending modes of Si—D being closer
to that of the bulk Si surface phonons than Si—H. It is
therefore expected that Si-D can be de-excited rapidly via



the Si phonon modes. This can lead to surface bound Si-D
bonds being much more resistant to desorption than Si-H,
which in turn, can limit homolytic cleavage and the
generation of Si radicals that initiate Si oxidation when
the Si surface is negatively biased. At positive
voltages, Si—D surfaces appears less attractive to
oxidizing OH" ions because Si—D have a more positive

flat band potential compared to that of Si—H surfaces.
The strong surface isotope effects reported here have
implication in the design of silicon-based devices,
molecular electronics and power-generation devices
based on silicon, and on the interpretation of their
charge transport characteristics.
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Figure 6. UPS spectra of the secondary edge region of a) Si—H surface (4.92 eV), b) Si-D surface (5.33 eV).
The black line is the acquired data and the red lines are linear fits to the flat and steep regions. The work
function was estimated from the position of the intersection between the flat lines. The x-axis binding energy
has been corrected to account for the excitation energy (21.22 eV). Mott-Schottky plot of ¢) Si—H surface, d)
Si-D surface and flat band potential fitting for each surfaces. The black line is the acquired data and the red
lines are linear fitting. The flat band potential is the intersection point of linear fitting and x-axis. (e—f)
Transient microscopic photocurrent map measurements (PCM) on static silicon—platinum junctions.
Representative photocurrent decay curves measured on e) Si—H surface, f) Si—D surface. The time constant
calculated from the non-linear fitting with exponential category and function of y = y, + A ¢ eRo*1,


https://www.sciencedirect.com/topics/engineering/photocurrent

SUPPORTING INFORMATION

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