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Abstract: Triboelectric nanogenerators (TENGs) based on sliding metal-semiconductor junctions are
an emerging technology that can efficiently convert mechanical into electrical energy. These miniature
autonomous power sources can output large direct current (DC) densities, but often suffer from
limited durability; hence, their practical scope remains uncertain. Herein, through a combination
of conductive atomic force microscopy (C-AFM) and photocurrent decay (PCM) experiments, we
explored the underlying cause of surface wear during the operation of DC-TENGs. Using monolayer-
functionalized Si(211) surfaces as the model system, we demonstrate the extent to which surface
damage develops during TENG operation. We reveal that the introduction of surface defects (oxide
growth) during TENG operation is not caused by the passage of the rather large current densities
(average output of ~2 x 10° A/m?2); it is instead mainly caused by the large pressure (~GPa) required
for the sliding Schottky diode to output a measurable zero-bias current. We also discovered that the
drop in output during operation occurs with a delay in the friction/pressure event, which partially
explains why such deterioration of DC-TENG performance is often underestimated or not reported.

Keywords: silicon; triboelectric nanogenerators; Schottky diodes; conductive atomic force mi-
croscopy; silicon oxidation; organic monolayers

1. Introduction

The rapid growth of the Internet of Things and the surging demand for portable
electronic devices have fueled the need for autonomous power sources [1,2]. Batteries,
while a common and widespread solution to power electronics, are non-regenerative power
sources; hence, they need frequent recharging or replacing. Energy harvesting technologies
such as piezoelectric nanogenerators (PENGs) and solar cells can convert mechanical and
solar energy into electricity but have limitations in terms of cost and need for appropriate
illumination [3]. Triboelectric nanogenerators (TENGs) based on contact electrification [4,5]
have emerged as a promising power source, offering the means to convert ubiquitous
mechanical energy into electrical power [6,7].

The output of a conventional TENG is alternating current [8,9], but recently, there have
been a series of breakthroughs towards the development of direct-current (DC) TENGs (DC-
TENGs) [10-12], which is an important step forward since most microelectronic components
rely on DC power. For instance, in 2018, Liu et al. succeeded in showing that friction of an
out-of-equilibrium Schottky contact (between Pt and MoS;) can be efficiently converted
into DC [13]. This report prompted the search for cheaper and more readily accessible
alternatives to MoS,. In this context, silicon represents a promising material for the further
development of DC-TENGs [14-16].

The mechanism for the mechanic-to-electric energy conversion occurring in a sliding
Schottky diode is undoubtedly a surface process dominated by several properties of the
metal-semiconductor interface [17]. Consequently, the manipulation of the silicon surface
chemistry, for example via hydrosilylation reactions to graft organic monolayers on the
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surface [18,19], offers a path to maximize TENGs’ performances by controlling wettability,
friction, adhesion, and work function [20,21]. Despite the undisputed anodic protection
that the attachment of an organic monolayer imparts to the silicon surface when the contact
is a (soft) liquid [18,19,22,23], silicon-based Schottky TENGs have so far only shown a
limited lifespan, severely restricting their viability [24]. Previous studies have highlighted
that the generation of a DC current in Schottky TENGs requires substantial pressure and
small contacts [25,26], and that large current densities, up to 10° A/m?, can be obtained [15].
These operational conditions, both the mechanical pressure and localized heating from
the flow of a large current density even under zero external bias, can undoubtedly lead
to substrate oxidation, hence limiting the durability of Si-based DC-TENGs. Therefore,
while minor oxide growth can lead to a temporary enhancement in the DC output [15,27],
extensive silicon oxidation results in a complete loss of the triboelectric output [28]. Notably,
the passage of current, regardless of the current direction, plays a role in oxide growth [29].
Here, we present a detailed analysis of the underlying causes of surface wear/oxidation
during the operation of sliding metal-silicon DC-TENGs. Our study focuses on monolayer-
modified Si(211) surfaces, which have demonstrated superior TENG performances in a
previous work [28]. We aim to clarify whether surface damage and oxide growth in silicon-
based TENGs are primarily caused by pressure and friction or by current-related effects. To
address this, we utilized a combination of conductive atomic force microscopy (C-AFM)
and photocurrent decay (PCM) experiments. We begin by discussing the characteristics of
the model system used in our study, followed by an exploration of the progressive surface
damage during sliding events. Subsequently, we present our findings related to surface
defects, carrier lifetimes, and current behavior under various conditions. We also discuss
the unexpected observations of damaged regions and provide insights into the potential
role of flexovoltage. By exploring the progressive surface damage during sliding events
and its (detrimental) impact on current generation, we aim to clarify the actual durability
of silicon-based TENGs.

2. Materials and Methods
2.1. Chemicals and Materials

Ammonium fluoride (semiconductor grade, 40 wt%, Honeywell, Melbourne, Aus-
tralia), hydrogen peroxide (MOS Puranal™, 30 wt% in water, Honeywell, Melbourne,
Australia), sulfuric acid (VLSI Puranal™, 95-97%, Honeywell, Melbourne, Australia), and
Milli-Q water (>18 M(Q) cm) were used for sample etching and cleaning procedures. 1,8-
Nonadiyne (98%, 1), sodium ascorbate (98%), and methanol (MeOH; HPLC grade, >99.9%)
were obtained from Sigma-Aldrich (Castle Hill, Australia) and used without further purifi-
cation. Si(211) wafers (40.05, prime grade) were purchased from Siltronix, S.A.S (Archamps,
France). Wafers were 500 um thick, one side polished and N-type (phosphorus-doped),
with a resistivity of 7-13 () cm. Gallium-indium (Galn) eutectic (99.99%, Sigma-Aldrich,
Castle Hill, Australia)) was used to establish an electrical contact between the non-polished
side (back side) of the silicon sample and the AFM sample holder.

2.2. Surface Modification Procedures

Silicon wafers were cut into wafers of approximately 1 x 1 cm. Samples were first
rinsed with dichloromethane (3 x 50 mL), 2-propanol (3 x 50 mL), and Milli-Q water
(5 x 50 mL) and subsequently immersed for 30 min in a hot piranha solution (100 °C,
consisting in a 3:1 v/v mixture of concentrated sulfuric acid and 30% hydrogen peroxide).
After the piranha bath, samples were rinsed with water (3 x 50 mL) and etched for 13 min
in a mixture of deoxygenated ammonium fluoride solution (22.5 mL) and methanol (1 mL)
while shielded from ambient light, following reported procedures [28]. Ammonium sulfite
was added as oxygen scavenger to the etching mixture and the etching bath was degassed
with bubbling argon gas for 15 min before adding the silicon sample. During the etching
(13 min), the polished side of the silicon sample was faced upwards. After the etching,
the silicon samples were rinsed with water (1 x 50 mL) and dichloromethane (2 x 50 mL),
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and then covered with a deoxygenated sample of 1. The silicon-hydride diyne-coated
samples were then placed inside a UV chamber (312 nm UV source, Vilber, VL-215. M,
nominal power output of 30 W) and held for 2 h approximately 20 cm from the UV source.
The hydrosilylated product (the S-1 surface, Figure 1a) was rinsed with dichloromethane
(1 x 50 mL) and stored overnight at +4 °C under dichloromethane in a sealed sample tube
prior to analysis.
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Figure 1. (a) Chemical strategy used for the cleaning, etching, and passivation of silicon samples.
Hydrogen-terminated Si(211) samples were reacted under a UV-assisted hydrosilylation reaction
with dyine 1 to yield the covalent, monolayer-modified S-1 surface. (b) AFM topography image
(5 x 5 um scan size) of a Si(211) S-1 sample. (c) Zero-voltage bias C-AFM map of S-1 sample obtained
in a 2 x 2 um region. The applied normal load was 360 nN, and the contact area (Pt-Si contact)
was estimated to be ~80 nm?; hence, the normal pressure was ~4.5 GPa. (d) Current distribution
histogram plot obtained from the C-AFM map shown in panel (c). (e) Wide zero-voltage bias C-AFM
map (5 x 5 pm) of a S-1 sample. The area marked by a red square is the region where the C-AFM
scan of panel (c) was performed. (f) Current histogram for the C-AFM map (area marked by a red
square only) of panel (e). The histogram counts refer to the number of pixels (sample locations) of a
given current value/bin, with a total of ~65 K pixels making up an entire C-AFM map (5 x 5 um).
The horizontal scale bars in panels (b,c,e) indicate 1 pm.
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2.3. Atomic Force Microscopy Characterization

Atomic force microscopy (AFM) topography maps, zero-bias current maps, and lateral
force (friction) scans were performed using a NX10 microscope (Park Systems Corporation,
Suwon, Korea). Measurements were performed using a single solid platinum tip (25PT300B,
Rocky Mountain Nanotechnology, Holladay, Utah) with a nominal resonance frequency of
14 kHz, a spring constant of 18 N/m, and a tip radius of ~20 nm; set points were either
50 or 360 nN. The silicon samples—Pt tip contact area was estimated against the Derjaguin,
Muller, and Toporov (DMT) model (described in the Supplementary Materials) [30]. The
imaging resolution was set to 256 points/line and the scan rate to 1 Hz, and scan size
ranged from 2 X 2 um to 5 x 5 um. Reverse currents have a positive sign and are indicative
of an electron flow from the Pt tip to the silicon sample. The maximum zero-bias current
output was taken as the output of the 99th percentile [31]. The vertical height and current
scale bars (color-coded) for the AFM measurements do not cover the full scale. The color
range was arbitrarily set to maximize the visual clarity of topographic and current features.
The instrument current noise was around ~120 fA. AFM data were processed with the XEI
software (version 4.3, Park Systems). Transient photocurrent measurements (PCM) were
recorded at 10 separate sample locations; the laser wavelength was 635 nm and the nominal
laser power output was 5 mW. Current transients decay curves were fitted using Origin
9.0™ software. Statistical analysis was performed in Python. Ohmic contact between
the AFM stage and the silicon samples was ensured by applying a small amount of Galn
eutectic to the non-polished silicon side and gently rubbing it with sandpaper. Samples
were further secured in the AFM stage with conductive copper tape. All measurements
were conducted in air at ambient temperature (24 + 2 °C).

3. Results and Discussion

Our research focuses on Si(211) crystals, a choice based on the fact that the surface
conductivity of Si(211) is greater than that of both 5i(100) and Si(111) [32,33]. This makes
Si(211) an excellent candidate for DC-TENGs. The native oxide first needs to be removed
to ensure sufficient electrical conductivity, and the resulting (hydride) surface needs to be
chemically passivated to allow handling the samples under ambient air without significant
oxidation. To this end, Si-C-bound monolayers of 1,8-nonadiyne, 1, were prepared follow-
ing published procedures (Figure 1a) [19,34,35]. Silicon oxide samples were first etched
to expose a Si—H surface, which is reactive towards 1-alkynes such as the «,w-dialkyne
molecule 1. This chemical strategy (S-1) prevents spontaneous semiconductor oxidation
and enhances the generation of a DC output in response to mechanical stimuli such as
vibrations and friction [20].

Wet-etched 5i(211) has a rougher surface compared to other Si crystal cuts, such as, for
example, Si(111) and Si(100) [28,34]. Figure 1b shows an AFM topography map of a Si(211)
S-1 sample, with evident rounded features, and a root-mean-square (RMS) roughness
of ~3 nm, a value comparable to those of published results [28], and which is at present
the smoother Si(211) surface achievable via wet chemistry methods. We then acquired a
zero-bias current (C-AFM) map (2 x 2 um) to measure the current generation upon lateral
movement of the solid platinum AFM tip across the semiconductor surface (Figure 1c).
Figure 1d shows the DC distribution for the map in Figure 1c and reveals that the current
ranged from noise level up to 750 pA. The average output was ~120 pA, and 1% of the
sampled points returned current values above 700 pA. The average current density was in
the order of ~2 x 10° A/m?.

This tribocurrent was measured under zero external bias, and it bears the sign of a
reverse current, that is, electrons flowing from the Pt tip to the silicon surface. Notably,
in our C-AFM experiments, the pressure reached a pressure of ~4.5 GPa. To evaluate
the surface damage, if any, induced after the initial current map scan (2 x 2 pm), we
repeated the C-AFM measurement expanding the scan area to a5 x 5 um region (Figure le).
Interestingly, the surface area previously scanned (region marked by a red square in
Figure 1e) returned a significantly reduced current output. The average current dropped
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to ~20 pA (current density ~3 x 10° A/m?, Figure 1f). This drop in output is a ~83%
reduction in current density within the scanned area, which highlights the propensity of DC-
TENGS to rapid wear. Similar current attenuations have been previously reported in AFM
experiments on silicon surfaces under an external bias and were linked to oxide growth [29].
We then tested the system under a lower normal force set point (~50 nN) to verify whether
this may increase device longevity (Figure S1, Supplementary Materials). As expected,
C-AFM data obtained under a smaller normal force indicate a less pronounced loss of
performance during operation, but unfortunately, this comes at the cost of a significantly
lower tribocurrent output.

It is technically hard to acquire XPS spectra to verify the presence of oxide inside a
2 x 2 um region; hence, we opted for a spatially resolved measurement of surface defects
rather than direct spectroscopic evidence of silicon oxidation. We conducted spatially
and time-resolved photoconductivity (PCM) experiments to evaluate the recombination
velocities of charge carriers, trying to assess the introduction of surface defects during TENG
operation. Figure 2a depicts a PCM measurement, and Figure 2b displays representative
transient photocurrent decay traces for static Pt-S-1 junctions, inside and outside the
putatively oxidized square (Figure 2c).
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Figure 2. Spatially and time-resolved photoconductivity (PCM) measurements (AFM-based) con-
ducted on S-1 surfaces. (a) Schematic representation of the PCM measurement performed to calculate
the carrier lifetime from the transient photocurrent response. (b) Representative PCM traces on S-1
surfaces. The shaded grey colored area indicates the region of the curve where the exponential fit
was conducted. (c) C-AFM map of a S-1 sample conducted at zero-voltage biasina 5 x 5 pm area
after a previous scan conducted ina 1 x 1 um scan area (center of the image). The horizontal scale
bar in panel (c) indicates 1 um. (d) Exponential fits to the photocurrent curves sampled inside and
outside the square shown in panel (c).

Unfortunately, a stable and strong photocurrent response is not always present, and
approximately half of the sampled locations did not return traces like those in Figure 2b;
rather, they resembled those shown in Figure S2 (Supplementary Materials). The “non-
ideal” transients shown in Figure S1 are characterized by a capacitive charging /discharging
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behavior and could not be used to extract information on recombination velocities. The
fitting of more ideal photoconductive locations (Figure 2d) returned significantly different
carrier lifetimes inside versus outside the square. The average carrier’s lifetime inside the
square was 147.9 £ 10.7 us (the uncertainty is the 99% confidence limit of the mean; the
lower and upper bound were 137.2 us and 158.6 ps, respectively). The average carrier’s
lifetime outside the square was 188.1 &+ 15.7 (lower and upper bound of 172.4 pus and
203.8 ps, respectively). The confidence limit was calculated as t,_1s/ nl/2, where t,,_1 is
3.01 for 10 different samples, 1 is the number of measurements, and s is the standard
deviation [31]. In summary, sample locations within the initially scanned area returned
a higher surface recombination velocity (i.e., lower time constant), which suggests the
introduction of electronic defects, most likely linked to the onset of substrate oxidation,
during TENG operations.

The reason such a drastic drop in TENG performance is often unnoticed is perhaps be-
cause it is customary to screen for such current changes by comparing outputs of sequential
trace and retrace scans. This point warrants further explanation. A conventional C-AFM
measurement, as for those shown in Figures 3a and S3 (Supplementary Materials), allows
one to simultaneously measure current and map topography (Figure 3b). The sliding Pt tip
scans the same topographical feature, sequentially, in both the trace and retrace directions.
What is indeed very surprising is that the oxidative damage and corresponding drop in
TENG output discussed above (Figures 1 and 2) for microscopic regions has no parallel
drop in current output when one tries specifically detect this based on a single line of
trace/retrace measurement (Figure 3c,d). In fact, retrace currents can even reach slightly
higher DC outputs than those for trace scans (Figure 3b).
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Figure 3. (a) Schematic representation of the C-AFM measurement; the platinum tip is sliding in both
trace and retrace directions, through a silicon (S-1) sample. (b) Zero-bias DC current and topography
profiles obtained during C-AFM experiments. The green and blue color coding indicates the direction
of the scan: first a trace (green, left to right) and then a retrace (blue, right to left) over the same line.
The topographic (height) profile is indicated by the red trace. (c—e) C-AFM and topography maps
indicating the location of the line along which the current trace (green), current retrace (blue), and
topography (red) data of panel (b) were acquired.

The data in Figure 3 show just this, as well as showing that the zero-bias current peaks
at concave locations on the Si(211) surface. This effect has been previously reported by Ferrie
et al. for Si(111)/(100) pyramids generated via the anisotropic etching of Si(100) substrates
with potassium hydroxide solutions [14]. The same authors also did not observe oxidative
damage when conducting trace/retrace scans and stressed that tribocurrent discharging
happened at the base of the pyramid rather than at its apex. This was explained tentatively
as consequence of the space charge region becoming thinner at concave sites [36].

Furthermore, it did not escape our attention that the AFM tip is twisting (based on
lateral deflection data) at the edge of the protrusions (Figure S4, Supplementary Materi-
als). This point will require further investigation and the electronic component of friction
remains debated [37]. Recently, Marks and co-workers have suggested that flexoelectricity
(i.e., linear coupling between strain gradients and voltage) is the “missing term” in the
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contact electrification process [38]. We therefore suggest that flexovoltage generated dur-
ing or immediately after tip twisting may be responsible for the peaking of the current
near the protrusions, shown in Figure 3. Whether or not reduction in the thickness of
the space charge layer at concave sites and flexoelectric effects are linked remains to be
explored [39,40].

Finally, in order to separate the impact of friction/pressure on surface damage from
damage caused by the very-high-current densities of a DC-TENG, we conducted C-AFM
experiments with an external DC bias of such magnitude and direction to nullify the flow
of the current, while making sure not to introduce changes to the normal load and friction
of the sliding platinum tip (Figure 4a). Results depicted in Figure 4b,c indicate that the drop
in DC-TENG output is not caused by the passage of a tribocurrent, again reinforcing the
above conclusions that substrate oxidation in response to pressure and friction is the main
cause of output loss. A further note, which may stimulate future investigations, is that
we very often observed large tribocurrents near the edge of previously oxidized regions
(Figure 4b,c). The reason for such (localized) enhancement of DC output is at present
unclear.
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Figure 4. (a) Nullifying-bias DC current output C-AFM experiments with a current reading close to
noise level. (b) C-AFM current map obtained at zero-bias scan in a 2 x 2 um area after the experiment
of panel (a). In the study, a load of 360 nN was applied to the sample, and the estimated contact area
was on the order of 80 nm?. (c) Current distribution histogram plot obtained from the C-AFM map;
the yellow square corresponds to the C-AFM scan conducted at nullifying voltage, the green square
corresponds to tribospots outside the square, and the blue square corresponds to tribospots close to
the edge of the square. On the histograms, the counts indicate the number of pixels (sample locations)
of a given current, with a total of ~65 K pixels making up a C-AFM map. The horizontal scale bars in
partsaand b are 1 um.
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4. Conclusions

We quantified the extent of operational damage for DC-TENGs based on sliding
Si(211)-organic monolayer—platinum Schottky diodes and attempted to define the relative
importance of friction-/pressure-induced wear versus oxidative damages to the semicon-
ductor due to the flow of the large current densities (~2 x 10® A/m?) reached during the
operation of these miniature autonomous power sources. Using conductive atomic force mi-
croscopy (C-AFM) experiments and photocurrent decay measurements (PCM), we revealed
that oxide growth and loss of TENG performances upon operation are not primarily caused
by the passage of the current, but are rather more strictly linked to pressure- and friction-
induced surface wear. Results revealed that current density drops from ~2 x 10® A/m? to
~3 x 10° A/m?, representing a current decay of ~83%. The carrier lifetime within damaged
regions was found to be 147.9 & 10.7 ps, compared to 188.1 £ 15.7 us outside damaged
areas, emphasizing the impact of surface defects on charge recombination. We also present
evidence of a time delay between the friction/pressure event and the manifestation of the
surface damage (drop in TENG output). Further, a note which we believe will stimulate fu-
ture studies: (i) zero-bias DC outputs are significantly higher at the edge of damaged areas,
an observation for which we currently lack an explanation, and (ii) outputs are generally
greater at concave semiconductor locations, which may be the result of a localized thinning
of the space charge layer (i.e., enhanced flexoelectric effect).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/surfaces6030020/s1, Figures S1-54, and description of the method-
ology for contact area (Pt AFM tip—S1 sample) determination.
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