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Triboelectric nanogenerators (TENGs) are an emerging energy harvesting technology able to convert ubiquitous
mechanical energy into electricity. Friction, static charging and flexoelectricity are all involved in the mechanism
underpinning TENG operation, but their relative contribution has remained elusive. Here we used dynamic and
static conductive atomic force microscopy (C-AFM) measurements on monolayer-modified silicon crystals to
detect evidence of a relationship between friction and zero-bias current, and between pressure and the direction
of the putative flexovoltage. We demonstrate that a static electricity-related tribovoltage is probably responsible
for a friction excess, and that surprisingly this friction excess is found to be dependent on the doping level and
type of the silicon substrate. Such friction excess is however no longer measurable once current is allowed to flow
across the junction. This observation points to an electrostatic origin of friction in silicon-based Schottky TENGs,
and suggests that the zero external bias DC current is at least in part an electronic flow to neutralize static
charges. Further, the sign of the zero-bias current, but not its magnitude, is independent of the semiconductor
doping type, which is again suggestive of surface statics being a main contributor to the zero-bias output rather
than exclusively a space-charge effect. We also reveal the presence of a junction flexovoltage under pressures
common in AFM experiments (GPa), even for negligible lateral friction. In a static Pt-monolayer—n-type Si
junction the flexovoltage carries the same sign as the tribovoltage, and can reach such magnitude to overwrite
external voltages as high as 2 V. The immediate implication is that the flexovoltage is likely to have i) a strong
contribution to the zero-bias output of a n-Si Schottky TENG, ii) a negative effect on the output of a p-Si TENG,
and iii) its detection can be straightforward, as we discovered that flexoelectricity manifests as an “inverted
diode™ a n-type Si-platinum diode with negligible current even when the n-type material is negatively biased as
long as the “static” diode remains under a large normal pressure.

1. Introduction

The continuous shift from analogue to digital technologies — the so-
called digital revolution that started around 1980 — has transformed
society [1,2]. Electronic components at the core of digital devices such
as ubiquitous mobile phones, lifesaving pacemakers, niche wearable
electronics or microscopic sensors, share a common feature: their
operation requires a reliable source of direct current (DC). In most cases,
chemical energy stored in a battery remains the source of this DC power.
However, all batteries need replacement or periodic recharging, posing
a challenge for the continuous operation of devices that are installed in
locations of difficult access, such as remote environmental sensors or
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life-critical medical implants [3-8]. Triboelectric nanogenerators
(TENGS) are a class of power sources that convert small-scale vibrations,
pressure and mechanical friction into electricity [9-12]. Most TENGs
described in the literature are alternated-current TENGs [11,13-15], but
over the last five years there has been a substantial increase in the
research effort towards the development of DC-TENGs, TENGs output-
ting DC current and voltage [6,16-28]. Sliding Schottky diodes, that is,
out of equilibrium metal-semiconductor junctions under some form of
mechanical stress, are a promising form of DC-TENG [17,19,24,26,
29-31], outputting DC densities as high as ~10° A/m? for nanoscale
contacts, and up to ~210 A/m? for microscale contacts [24,27]. A
complete and correct understanding of the mechanism by which

Received 11 April 2023; Received in revised form 6 June 2023; Accepted 18 June 2023

Available online 20 June 2023

2211-2855/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:simone.ciampi@curtin.edu.au
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2023.108627
https://doi.org/10.1016/j.nanoen.2023.108627
https://doi.org/10.1016/j.nanoen.2023.108627
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2023.108627&domain=pdf
http://creativecommons.org/licenses/by/4.0/

X. Lyu et al.

friction, adhesion and pressure/strain lead to a DC output in a sliding
diode is still lacking, but what is clear is that surface engineering by
monolayer chemistry is one of the routes towards a better understanding
of TENGs” working principles, as well as towards maximizing their
output [30,32-34]. For example, the relationship between friction and
current output remains unclear [25,35-37]. The zero-bias current
output of a Schottky TENG defines its performance as an autonomous
power source, and a tribovoltaic effect in response to friction is
commonly accepted as the principal mechanism [38-40] leading to such
current [36,41]. However, what is also known is that the voltage applied
to a rectifying contact, especially in the forward bias, will cause excess
friction between metal and semiconductor [37,42]. Surprisingly the
origin of this forward-bias-triggered increase in resistance to a lateral
movement has not yet been fully explained. The caveat in the TENG
context is, of course, that frictional wear will negatively affect the device
lifetime [43,44], and should therefore, when possible, be minimized.
Friction has been previously reported to influence the triboelectric
process [35,45,46], and the influence of electronic drag on friction has
also been researched [37,42,44,47], but analogous research on zero-bias
rectifying junction is lacking.

Herein we systematically explore the relationship between current
output and friction in sliding metal contact-monolayer-semiconductor
systems by means of comparing friction and zero-bias current data ob-
tained by atomic force microscopy (AFM) experiments performed with
either non-conductive or conductive AFM tips. Changes to the AFM tip
but not to the surface chemistry (organic monolayer) of the semi-
conductor are intended to block, or to allow for, the flow of tribocurrent.
This experimental system allows to address open questions such as (i)
whether the zero-bias current is purely caused by friction, or whether
some of the excess friction is a response to the passage of current and/or
generation of a tribovoltage, (ii) whether or not the length of organic
monolayer molecular chain (length of the tunnelling barrier) influences
the current output [34], and (iii) what is the role and direction of a
putative flexovoltage.

The monolayer system we selected to answer the above questions is
shown in Scheme 1. A hydrogen-terminated oxide-free silicon surface
was covalently derivatized with an organic film by wet chemistry
methods [48-54]. Analogous methods of surface passivation and func-
tionalization have been proven effective in improving the performances
of TENGs [33,34,55-57], but are underexplored and carry the advan-
tage of a very simple means of tuning at will substrate properties (doping
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level and type), nature of the top contact (conductive versus insulating),
and thickness of the tunneling barrier (monolayer length), all while
leaving the outmost surface chemistry of the semiconductor side of the
diode unchanged.

2. Results and discussion

Silicon samples used here were stripped of the native oxide layer and
then modified with a silicon-carbon-bound hydroxyl-terminated
monolayer, as this chemistry introduces an effective surface protection
against substrate oxidation (Fig. S1-S2, Supporting Information) and
simultaneously yields high triboelectric DC current outputs when used
as the semiconductor component of a sliding Schottky diode TENG [27].
The modification of hydrogen-terminated (Si-H) Si(111) with 8-nony-
n-1-ol (S1, Scheme 1) has been reported before [27], and an analo-
gous chemical approach with a shorter alkyl chain (4-pentyn-1-ol, 2,
Scheme 1) was also successful in yielding an oxide-free surface (S2,
Figs. S3-S4, Supporting Information).

2.1. Relationship between zero-bias current and friction

It is commonly accepted that in a Schottky TENG friction induces a
current flow by generating electron-hole pairs [36]. Equally accepted is
that current output is proportional to friction [41,58-62]. An effective
way to improve the current output therefore could be to increase friction
by establishing closer contact through increasing the applied load [63].
Unfortunately such gain will come undoubtedly at the cost of reducing
the lifespan of the triboelectric material [43,64]. Hence, a detailed
exploration on the relationship between current and friction is neces-
sary, especially to understand the cause-effect relationship questioned
in the introduction section.

In an AFM experiment friction and current signals can be recorded
simultaneously. Given the possibility of an electronic contribution to
friction [37,42] we carried out a simple but very informative experiment
with an insulating top contact (Si AFM tip) such to block the flow of DC
current. The choice of a non- conductive top contact removes the pos-
sibility of an electronic drag force but obviously leaves the possibility of
an electrostatics build-up and consequent attractive forces.

Fig. 1 shows topography and current AFM maps for 8-nonyn-1-ol
coated Si(111) substrates (S1) of different doping type and level, ac-
quired with either conductive platinum or non-conductive silicon tips.

DC signal
47
Pt/ Si
HO HO HO

OH OH OH

AR 7 7

Si(111) Si(111)
s1 s2

Scheme 1. Surface passivation and functionalization of oxide-free Si(111) substrates. Silicon surfaces were (i) cleaned with Piranha solution and (ii) etched in
ammonium fluoride aqueous solutions. The hydrogen-terminated samples (Si-H) were then reacted with either 8-nonyn-1-ol (1), or 4-pentyn-1-ol (2) under UV light

to yield the monolayer-modified Si(111) surfaces S1 and S2, respectively.
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Fig. 1. AFM height 5 x 5 um images of 8-nonyn-1-ol coated (S1) samples prepared on either lowly doped n-type (a), highly doped n-type (d), lowly doped p-type (g),
or highly doped p-type (j) Si(111) substrates, and the corresponding zero-bias current C-AFM maps recorded with either conductive platinum tips (b, e, h, k) or non-
conductive silicon tips (c, f, i, 1). The scale bars in all panels represent 1 um. The applied force was set to 360 nN.

Using sliding platinum AFM tips, the highest zero-bias DC signal was on highly-doped n-type Si(111) substrates comes as second high, with a
recorded on lowly doped n-type S1 Si(111) substrates (Fig. 1b). This value of 1.60 + 0.40 x 107 A/m?, followed by highly-doped p-type Si
doping level and type had the highest output among all the different (111) with 6.45 + 0.31 x 10° A/m?, and then by lowly-doped p-type Si
doping levels tested (Fig. 1b,e,h,k), with the maximum current density (111) substrates, 3.25 & 0.79 x 10° A/m>. As evident from the data in
reaching up to 4.40 + 0.85 x 107 A/m?. The current density recorded Fig. 1, the experimental zero-bias currents are of positive sign on all
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samples, indicating a flow of electrons from tip to sample. This is the
direction of a leakage current in a n-type Si-Pt junction, but of a forward
current on a p-type based junction. To further probe the relationship
between doping level and zero-bias current we also performed mea-
surements on samples of intermediate doping (Fig. S5, Supporting In-
formation). The maximum current density reached up to 1.73
+ 0.43 x 107 A/m?, which is intermediate between the lowly doped and
highly doped silicon substrates. We also note that higher current outputs
tend to be localized at the edge of the Si(111) terraces, which are likely
to expose more conductive Si(211) planes [27]. As shown in Fig. 1c,f,i,1,
current mapping of samples analyzed with non-conductive tips exhibi-
ted, as expected, only electrical noise.

To qualitatively determine the samples’ friction coefficients, the
normalized mean experimental friction was plotted against the applied
load (Fig. 2). When using conductive tips, the friction coefficients
(represented by the slope of the regression lines in Fig. 2) of junctions
made on all four substrates (S1 samples on lowly doped n-type, highly
doped n-type, lowly doped p-type, and highly doped p-type) are quite
similar, and the actual friction values were all of relatively low level
compared to those recorded with non-conductive AFM tips. Remark-
ably, for the same surface chemistry, when the flow of DC current was
deliberately blocked by using non-conductive tips, the friction data
across the four doping types and levels varied significantly. The changes
in friction observed across the four samples using non-conductive tips
tracked closely the magnitude of the zero-bias current recorded with
conductive tips shown in Fig. 1b,e,h,k. The higher the sample’s zero-bias
current (conductive tips), the more friction was observed under open-
circuit conditions (insulating tips). The current data are the first re-
ported evidence of a difference in friction, under no external bias [37],
linked to changes to the doping type and level of silicon, and although
this difference can be tentatively ascribed to differences in surface
statics, a direct evidence is unfortunately lacking. To the best of our
knowledge there are no experimental evidence pointing to different
propensity for silicon to gain surface static charges based on differences
in bulk doping type and level — doped silicon position in the triboelectric
series is unclear [65]. For some semiconductors there is an established
link between the material work function and its position in the tribo-
electric series, but similar data are not available for silicon, and any
attempt to measure the static charging of a macroscopic silicon sample
with a Faraday pail lead to charge readings below the detection limit of
our setup (~0.1 nG/cm?). Based on the parallel between Fig. 1 and Fig. 2
(high friction at open circuit and TENG current) we propose that tri-
bocurrents recorded with Pt tips are at least in part a flow of current such
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Fig. 2. Plots of the normalized mean friction (all friction data was normalized
by the maximum data recorded under different loads) measured by AFM as the
function of applied normal load. Samples were 8-nonyn-1-ol coated (S1),
covalently grafted on either highly doped or lowly doped, p-type or n-type, Si
(111) substrates.

Nano Energy 114 (2023) 108627

to neutralize static charging of the junction, and conversely that increase
in friction, when the current cannot flow because of the insulating
character of the tip, is a lateral tilt of the tip caused by statics.

To further prove this last point we recorded force-distance (F-D)
curves on lowly-doped n-type Si(111) surfaces coated with 8-nonyn-1-ol
by (S1) under UV light (250 —260 nm), so to use the UV-mediated
ionization of air to gradually eliminate surface static charges [66,67].
Fig. S6 (Supporting Information) shows the adhesion force between the
lowly doped S1 sample and a non-conductive tip. All the reported
adhesion forces are the mean value of 100 measurements at spots evenly
distributed across the imaging region shown in Fig. 1a. UV light was
initially kept off, and a first set of F-D measurements (1st test) per-
formed, which returned a surface adhesion force of 436.88 4 14.52 nN.
The UV light was then switched on for 20 s, causing surface adhesion to
drop significantly (364.83 + 8.84 nN, 2nd test). The adhesion force kept
decreasing with increasing UV exposure times (2nd to 6th test). After six
20-s cycles of UV illumination the surface adhesion force reached a
plateau of 306.36 + 5.21 nN. Finally, to further verify that the sliding
diode motion causes statics we conducted F-D measurements again after
another whole region scan (8th test). The adhesion force returned back
to 370.77 + 18.58 nN, which is ~6 nN higher than the 2nd test results
(1st UV cycle). These results indicate that surface statics is established
upon tip sliding over the sample, but these charges are nearly completely
(but not entirely) neutralized by ionized species formed upon UV illu-
mination. Electrostatic charging, which at least in his sign appears to be
independent of the silicon doping level and type, is therefore a clear
contributor to the DC tribocurrent measured with Pt tips, although, as
stated above, when measured with Pt tips, any sizable difference in
friction between samples disappears.

Another interesting finding from the above section is that regardless
of the silicon substrate doping type, the zero-bias current (Fig. 1b,e,h,k)
have the same direction: from semiconductor to metal. One reason could
be Fermi level pinning caused by the introduction of the large number of
surface states on the 8-nonyn-1-ol coated Si surfaces [27,68]. Contrib-
uting to these surface states could be deprotonation of the monolayer
terminal functional group (R-OH) to alkoxide anion (R-O7) [69-71].
Another reason for the sign of the tribocurrent not varying with the
doping type of the substrate could be that a flexoelectric band bending
and ratcheting mechanism [72] are present and lead to a flexovoltage
independent of doping type.

2.2. Carbon chain length and tribocurrent

Following from the conclusion of the previous section, we then tried
to answer the question on the role of surface alkoxide anions, which in
part resembles a question first raised by Wang and co-workers in 2016
[34], that is whether or not the length a molecular carbon chain in-
fluences the  =zero-bias current in a  sliding metal-
—monolayer-semiconductor TENG system. Since we propose that the
alkoxide anion (R-O7) has an effect on the silicon band bending, given
that the electrostatic force is inversely proportional to the square of the
distance [73], such effect should be maximized if the length of the
dielectric barrier (the carbonaceous monolayer) between semiconductor
and the anion is shortened. To address this we conducted experiments
analogous to those reported in the previous section (S1) but with a
shorter monolayer, 4-pentyn-1-ol monolayer (S2, Scheme 1). Fig. 3
shows AFM height images and zero-bias current maps obtained on S2
samples prepared on lowly doped n- and p-type Si(111). Negatively
charged siloxyl groups from silica (oxidized Si(111)) could be a source of
electrical traps and dipoles competing with the monolayer charges, but
no significant signs of semiconductor oxidation, usually detectable as
rounded topographical features [52,74,75], were found in the AFM
height images (Fig. 3a,c). XPS data in Fig. S4 (Supporting Information)
also show no evidence of oxidation. For lowly doped p-type Si(111) S2
samples (Fig. 3d), the current signal did not raise above noise level.
However, the maximum zero-bias current density on modified lowly
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Fig. 3. AFM topography images and zero-bias current maps recorded on 4-pentyn-1-ol functionalized (a-b) lowly doped n-type or (c-d) lowly doped p-type Si(111)
surfaces (S2 samples). All images are obtained using platinum tip (25Pt300B). The scale bars represent 1 pm.
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nonyn-1-ol modified Si(111) surface (S1).
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doped n-type Si(111) surface (Fig. 3b) was 3.11 x 107 A/mz, which is
comparable to the output of the longer chain samples (S1, 4.40 x 107
A/m?, Fig. 1b). It appears therefore that the band bending caused by
alkoxide anions (R-O-) is independent of the length of the dielectric
barrier separating molecular charge and semiconductor, or that another
factor dominates the zero-bias output. As investigated in the next sec-
tion, one of such factors could be flexoelectricity, which is not
friction-related, but pressure-related.

2.3. Flexovoltage in static junctions

According to the tabled work function difference between platinum
and n-type silicon it is expected that for a “static” Schottky diode a
current-voltage (I-V) curve should resemble, qualitatively, the one
shown in Fig. 4a, with a reverse (blocking) bias region in the positive
quadrant. For 4-pentyn-1-ol and 8-nonyn-1-ol coated surfaces (Fig. 4b,c)
the difference in current density magnitude, regardless of the bias po-
larity, is likely to reflect the difference in the carbonaceous tunneling
barrier [76,77]. More interestingly, for both surface chemistries
(4-pentyn-1-ol and 8-nonyn-1-ol, S2 and S1) a blocking regime typical of
a diode under external reverse bias (positive semiconductor bias for
n-type silicon) is happening under negative semiconductor bias, and
vice-versa, a rapidly increasing current was found under positive semi-
conductor bias. To the best of our knowledge a similar “diode inversion”
was only observed by Duan and co-workers for transferred and evapo-
rated platinum based Schottky diodes [78], but our system is under a
definitely greater junction pressure (~5 GPa), and, as such, an expla-
nation suitable for a van der Waals diode is unlikely to be applicable
here. As shown in Fig. 4a, with a soft top contact (a mercury drop) the
semiconductor is under a relatively low pressure of only ~30 Pa, while
in the “inverted” junctions (platinum C-AFM tip, Fig. 4b,c) the silicon is
sensing around ~5 GPa. It is then important to verify whether or not
such phenomenon (the inversion of the diode rectification direction) is
also found on surfaces that yields no tribocurrent output. Static I-V
measurements conducted on 4-pentyn-1-ol (S2) functionalized lowly
doped p-type Si(111) surfaces (a poor TENG performer) are shown in
Fig. 4d. The normal behavior of such junction would be that of allowing
current to pass in the positive quadrant. This is indeed the case, but a
current of similar, or even greater, magnitude is also seen in the negative
quadrant. It is therefore probable that the flexovoltage has the direction
of a reverse bias. Such pressure-induced voltage will therefore oppose
the interfacial voltage due to static charges (friction-induced, Fig. 2),
ultimately causing p-type surfaces to be poorer TENG performers
(Fig. 3). In conclusion, contact pressure plays an important role that is
just not causing larger friction, as the inverted I-Vs Shown in Fig. 4 were
obtained when the tip is not sliding laterally. We believe that the
explanation lies in the recently reported flexoelectricity under external
load [79]. Under this hypothesis, external pressure would generate a
flexovoltage that overwrites the instrument (external) bias, and the
experimental inverted I-Vs suggest that the flexovoltage has the direc-
tion of a reverse bias. Reinforcing our interpretation of the data as the
conclusions of Sun et al., who observed that current under bias could be
increased by applying force on silicon based Schottky diodes [40].
Hence, we believe that the inverted diode behavior is the result of
flexoelectricity under high pressure. This is evident under static condi-
tions (Fig. 4), but it is most probably also present under dynamic
(sliding) conditions. To further verify the onset of flexoelectricity we
recorded the current signal while conducting F-D measurements (i.e.
with no deliberate lateral movement of the junction). The result of these
controls are shown in Fig. S7 (Supporting Information) and revealed a
progressive increase in a positive sign current (from platinum to silicon)
as the tip is forced against the silicon substrate under no external bias.
Similarly to anomalous photovoltaic-to-micromechanics coupling ef-
fects in multiferroic materials [80], during the sliding process charge
carriers are collected effectively by the tip and lead to a net leakage
current. We believe that the DC output is the result of both tribovoltaic
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and flexovoltaic effects (Fig S8, Supporting Information). The Schottky
diode formed by the platinum tip and silicon surface has a built-in
voltage due to differences in work functions. During the sliding pro-
cess, electron-hole pairs induced by friction are separated by the junc-
tion’s built-in electric field, in agreement with the output having the sign
of a leakage current. In addition, there is the onset of a flexovoltage
under high contact pressure. This pressure-induced (or pressure
fluctuations-induced) voltage manifests as an electric field that accel-
erates electrons in the same direction as in response to the tribovoltage
(from tip to silicon).

3. Conclusions

We have explored the connections between zero-bias current and
friction, and between current and pressure in metal-monolayer—silicon
Schottky diodes (dynamic and static junctions). We bring clear evidence
that beside probable friction-induced electron-hole pairs, static charging
of the semiconductor is a major contributor to the DC output of a sliding
Schottky TENG. Friction excess is readily measurable in junctions where
the current flow is prevented, it is substrate doping and type-dependent
and it strongly correlates with the DC output when the current is allowed
to flow under zero external bias. This excess friction is however not
measurable when current flows in the TENG, and exposure of the
junction to conditions that remove surface statics (UV exposure)
removes the excess friction. We also show that under pressures typical of
an AFM experiment there is a significant flexovoltage even when the tip
is not sliding. This flexovoltage is large in systems that are good TENG
performers. It can be easily detected as “inverted” diode current-voltage
(I-V) characteristics, suggesting that simple and readily accessible static
AFM I-V is an ideal research tool in the search and screening for optimal
Schottky TENG materials. Further development of DC TENGs will
benefit from an improved understanding of flexoelectricity, and mate-
rials with larger flexovoltages may represent a viable path to TENGs
with a smaller reliance on friction, hence intrinsically less prone to
degradation of performances under prolonged operation.

4. Material and methods
4.1. Materials

Sulfuric acid (VLSI Puranal™, 95-97 %, Honeywell), hydrogen
peroxide solution (MOS Puranal™, 30 wt% in water, Honeywell),
aqueous ammonium fluoride solution (40 wt%, Sigma-Aldrich), redis-
tilled solvents and Milli-Q™ water (>18 MQ cm) were used for silicon
cleaning and etching procedures. Prime grade, single-side polished,
(111)-oriented ( £ 0.05°) silicon wafers (Siltronix, S.A.S, Archamps,
France) were 475-525 um thick, and either lowly (7-13 Q cm), inter-
mediately (0.010-0.100 © cm) or highly doped (0.007-0.013 Q cm),
and with the exception of the wafers of intermediate doping, they were
either p-type (boron-doped) or n-type (phosphorous-doped). 8-Nonyn-1-
ol (97 %, Biosynth Carbosynth) and 4-pentyn-1-ol (97 %, Sigma-
—Aldrich) used for monolayer assembly were used as received. Gal-
lium-indium eutectic (99.99 %, Sigma-Aldrich) was used to ensure
ohmic contact between the back of the silicon sample and the steel AFM
sample holder.

4.2. Surface modification

Prior to their chemical derivatization, silicon wafers were cut into
1 x 1 cm squares and rinsed sequentially with dichloromethane (DCM),
isopropanol, and water. Samples were then blown dry under a stream of
nitrogen and immersed for 30 min in hot Piranha solution (a 3:1 mixture
(v/v) of sulfuric acid (95-97 %) and hydrogen peroxide (30 %) heated to
100 °C). The clean wafers were then rinsed with water and H-terminated
(Si-H) by immersion for 13 min in argon-saturated (99.997 %, Coregas)
40 % ammonium fluoride etching solution. The wafer polished side
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faced upwards during the etching. The etching process was carried out
under ambient light while maintaining a gentle flow of argon over the
etching bath, and periodically shaking the samples so to minimize the
formation of etching pits. Few grains of ammonium sulfite (~10 mg)
were added to the etching solution (~20 mL of NH4F) as oxygen scav-
enger. The freshly prepared Si-H samples were then rinsed with water,
DCM, blown dry under a stream of nitrogen gas, and placed inside a Petri
dish. The Si-H sample’s polished side was then covered with 1-2 drops
of either degassed 8-nonyn-1-ol or degassed 4-pentyn-1-ol. The
monolayer-forming liquid was gently contacted with a 1-mm thick,
75 mm x 75 mm, quartz plate (GE 124, SPI Supplies) so to minimize
liquid evaporation. The Petri dish was placed inside nitrogen-gas filled
(>99.999 %, Coregas) acrylate reaction chamber. The reaction chamber
was fitted with an UV light (Vilber, VL-215. M, 312 nm, nominal power
output of 30 W) placed at a distance of approximately 200 mm from the
samples. Samples were illuminated for 2 h while keeping the chamber
under a positive pressure of nitrogen gas. The monolayer-functionalized
samples (S1 and S2, Scheme 1) were then rinsed with DCM, placed in-
side a glass reaction tube, covered with DCM, and rested at + 4 °C until
analyzed.

4.3. Atomic force microscopy (AFM)

AFM topography, friction, and current maps were acquired simul-
taneously using the conductive AFM (C-AFM) mode of a Park NX10
(Park Systems Corporation, Suwon, Korea) fitted with a variable
enhanced conductive (VECA) probe hand and FEMTO current amplifier
(DLPCA-200). All AFM data were analyzed with the XEI software (Park
Systems Corporation) unless specified otherwise. AFM tips were either
non-conductive n-type silicon tips (TESPA-V2, Bruker, USA) with a
nominal resonance frequency of 320 kHz and a spring constant of 42 N/
m, or conductive solid platinum tips (25Pt300B, Rocky Mountain
Nanotechnology, USA) with a nominal resonance frequency of 14 kHz
and a spring constant of 18 N/m. Unless specified otherwise the scan
size was set to 5 x 5 um and the scan rate to 1.0 Hz. The current routing
is such that a positive sign indicates an electronic flow from the AFM tip
to the silicon sample. The reported maximum current is the 99th
percentile, that is, the current at sampling points with zero-bias current
output higher than 99 % of the total ~65,000 sampled points). To
minimize edge artifacts, tip-sample friction data were acquired by
scanning a 5 ym x 500 nm region and subtracting the retrace (scan from
right to left) friction profile from the trace (scan from left to right)
friction profile, and then dividing the results by 2 to obtain a friction
loop image [25]. Force-distance (F-D) measurements were used to es-
timate adhesion force and contact area, and by setting the maximum
deflection to 2000 nN, the ramp speed to 300 nm/sec, and the ramp size
to 300 nm. F-D curves were processed with OriginPro 9.0 (OriginLab
Corp.) to estimate the pull-off force (the force at the lowest point of the
retract trace) [81]. For each sample (3 samples of each type), F-D curves
were recorded at 25 separate locations over a 5 pm x 5 um region, and
the mean and standard deviation of the pull-off force, hence adhesion
force, were obtained and used for contact area estimation. A titanium
roughness test sample (part RS-12 M, Bruker, USA) was used to estimate
the tip radius by analyzing the experimental topography data in
Gwyddion 2.59 (Czech Metrology Institute) through the blind estima-
tion software function. The silicon-platinum contact area of each sample
was estimated against the Derjaguin, Muller and Toporov (DMT) model
of adhesion [36,82,83] covered in Section S1 of the Supporting Infor-
mation. For all current-potential (I-V) measurements, a 360 nN set point
was selected. The external bias was ramped between — 2.0 and 2.0 Vata
sweep rate of 8 V/s. I-Vs were sampled at 25 evenly distributed sample
locations across a5 x 5 um sample area. Platinum tips (25Pt300B) were
used for the I-V measurements. Before each measurement the
open-circuit current was manually adjusted to zero.

Nano Energy 114 (2023) 108627

4.4. Macroscopic current-voltage (I-V) measurements with soft metal
contacts

Current-voltage (I-V) measurements of silicon-monolayer-mercury
junctions were conducted inside a lightproof and grounded Faraday
cage, with a source-measure unit (model B2902A, Keysight) and a
spherical mercury top contact controlled by a hanging electrode appa-
ratus (HMDE WK2, Institute of Physical Chemistry, Polish Academy of
Sciences). The voltage was ramped cyclically between — 2.0 and 2.0 V in
steps of 20 mV. The duration of each step was of 400 ms, and the current
signal was sampled after a 300 ms delay from the potential step-up
event. The bias routing is from the semiconductor to the metal, so to
match the AFM settings, and two voltage ramps were recorded for each
sampling location on individually prepared and analyzed samples. A
minimum of three sampling locations on each sample were analyzed.
Current values were corrected by the contact area of the metal-
—semiconductor junction. The contact area was estimated from bright-
field optical images acquired with a CCD camera (DCC1240C, Thor-
labs) fitted with a 6.5 x zoom (MVL6x123Z and MVL133A, Thorlabs).
Silicon samples were scribed with emery paper before and after applying
a small amount of gallium—indium eutectic to ensure the ohmic contact
between the back of the silicon sample and a copper plate. All images
were analyzed using Fiji image processing software [84], and data were
analyzed and plotted using OriginPro 9.0 (OriginLab Corp.).

4.5. X-ray photoelectron spectroscopy (XPS)

XPS analysis of the silicon surfaces was performed on a Kratos Axis
Ultra DLD (Kratos Analytical Ltd, UK) fitted with a monochromatic Al Ko
(1486.6 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 x 107% 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, 95-110 eV), or 0.1 eV (C 1 s, 274-298 eV) [51,85-89]. 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 1 s emission
(C-C) to 285.0 eV.
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