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ABSTRACT

Contact electrification of nanotextured elastomer surfaces often generates nanopatterned tribocharges that are
useful for both scientific and practical purposes. For sustained utilization of the nanopatterned tribocharge, their
stability and temporal behavior must be characterized and studied. It is, however, a highly challenging task as it
requires long-term, repeated probing of the tribocharge at the nanoscale spatial resolution. In this work, we
performed such a comprehensive experimental study of nanopatterned tribocharges on elastomer surfaces using
Kelvin probe force microscopy (KPFM) and electrostatic force microscopy (EFM). Curve-fitting analysis of the
KPFM results not only affirmed the temporally decaying nature of the tribocharge but also separated them into
two distinct, fast and slowly decaying, components that could be attributed to two different tribocharging
mechanisms. Through pre-constrained optimization of the curve-fitting parameters and comparison of the re-
sults, we could attribute the fast and slow decay components to the tribocharges generated by tangential sliding
and surface-normal separation of the material interface, respectively. The analysis also enabled us to estimate
time-invariant “pedestal” potentials from the KPFM results and predict the existence of long-term stable tri-
bocharge on the nanotextured elastomer surface. We experimentally confirmed it by re-scanning the specimens
14 days after the initial measurements. The observations, analysis, and the mechano-triboelectric charging model
will benefit not only the researchers of nanoscale tribocharges but also those interested in the study and ap-
plications of triboelectricity in general.

1. Introduction

the well-known process of elastomeric replica molding. After the final
demolding step (Fig. 1c), we found the surface of the elastomer strongly

Contact electrification generates electric charges on material sur-
faces through their contact and separation [1,2]. The phenomenon has
been attributed to many different mechanisms, including electron
transfer [3,4], ion transfer [5,6], or material transfer [7,8], but the
resulting surface charge is commonly referred to as the tribocharge. Of
recent interest is nanoscale patterning of the tribocharge [9,10] for
applications in nanoscale energy harvesting [11-13], xerography
[14,15], data storage [16], and virus filtration [17].

Recently, we established a new technique to generate nanopatterned
tribocharges on highly deformable elastomer surfaces [18,19]. Electric
charges on such soft surfaces are particularly useful for extracting en-
ergy from mechanical motion [11-13] and realization of flexible elec-
tronic devices [20]. As shown in Fig. 1, the new technique is based on

charged. The density of the charge turned out to depend on the level of
the interfacial friction accumulated during the demolding step,
revealing its triboelectric origin. By exploiting this mechano-
triboelectric charging model, we could produce tribocharges in nano-
scale ring and partial eclipse patterns [18,19]. The unique electric field
from the ring charge distribution was subsequently utilized for nano-
scale surface-texturing of photopolymer [18], opening a new avenue in
the tribocharge utilization.

For sustained utilization of the tribocharge, it is imperative to
characterize its temporal behavior and stability. The general consensus
is that the tribocharge’s density decays in time exponentially, with the
timescale determined mainly by the material characteristics. In some
reports, it was in the range of minutes to hours [21-26]. In others, it
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spanned days to weeks [27-30]. Such discrepancies indicate that a
complete characterization of the tribocharge’s temporal behavior re-
quires long-term, continuous tribocharge monitoring at one fixed sam-
ple area with the time-interval in the range of minutes at least for the
first few hours. To date, reports of such a comprehensive measurement
are rare [31-34].

In this paper, we describe our comprehensive study on the temporal
behavior and stability of the replica molding-induced nanopatterned
tribocharge. As specified above, we performed long-term, continuous
measurement of the tribocharge’s surface potential on one specific area
of the elastomer surface using Kelvin probe force microscopy (KPFM)
and electrostatic force microscopy (EFM). The measurement data was
quantitatively analyzed to elucidate the tribocharge’s origin. The results
will provide valuable information for long-term utilization of the elas-
tomeric tribocharge.

2. Results and analysis
2.1. Experimental setup and validation

Fig. 1 schematically depicts the technical steps of the replica
molding-based contact electrification. We established it to induce
various tribocharge nanopatterns on the surface of poly(dimethylsilox-
ane) (PDMS). Triangular lattice nanocone arrays (pitch a ~750 nm)
made of poly (ethylene terephthalate) (PET) (MicroContinuum Inc.)
were adopted as the master molds. We initially prepared liquid-phase
PDMS (Dow Corning Sylgard 184, Dow Corning) mixed with the
curing agent at 10:1 wt% ratio and desiccated the mixture for 30 mins to
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remove air bubbles. Then, we poured the mixture onto the master mold.
Upon its complete curing, we demolded the solidified PDMS-replica
from the mold. As shown in Fig. 1d, the surface of the PDMS replica
exhibits a nanocup pattern.

Subsequently, we applied scanning probe microscopy techniques to
map the topographical and electrical characteristics of the PDMS surface
[35]. KPFM [22,36] and EFM [19,37-39] are particularly well-suited for
the task since they provide high-resolution topographic and surface
potential maps simultaneously. We iteratively optimized the experi-
mental parameters of the microscope and sample preparation process to
enhance the accuracy of the results [40]. Each sample was cut into a
1 cm x 1 cm square and placed in our atomic force microscope (AFM)
(Multimode™, Bruker). Then we performed KPFM using a conductive
Pt/Ir coated tip (SCM-PIT-V2, k = 2.8 N/m, f, = 75 kHz, Bruker). It first
scans the surface topography in the tapping mode and then lifts the tip
by a fixed height to acquire the surface potential data by averaging
electrostatic force from the tribocharged surface. In our work, the lift
height was set to 50 nm and the scanning rate was 0.5 Hz. We carried
out the KPFM measurements over the same spatial area (2 um x 1 ym)
repeatedly for 24 h.

We first attempted to check whether our experimental setup can
properly reproduce our previous results [18,19] and re-affirm the
mechano-triboelectric charging model [16]. Fig. 2a and b show the AFM
scans performed on the PDMS-replica demolded from two different PET
master molds. The nanocup’s radius r and center-to-center distance a
were 250 and 750 nm, respectively, which matched those of the nano-
cones in the master molds very closely. The depth d of the nanocups was
105 + 6 nm (Sample A), and 45+ 4 nm (Sample B), respectively,
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Fig. 1. (a)—(d) Replica molding-based nanopatterned tribocharge generation process: (a) A PET nanocone array master mold. (b) PDMS replication. (c) Demolding of
the PDMS replica. The inset illustrates how the demolding mechanics differ for nanocones with different aspect ratios. The flat interstitial region (INT), leading edge
(LE), and trailing edge (TE) are specified along the peel-off direction. (d) This process induces different levels of tribocharge on the PDMS surface to be characterized
by KPFM and EFM. r, a, and h, represent the nanocup’s radius, center-to-center distance, and tip-surface separation, respectively.
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Fig. 2. (a), (b) The AFM scans of Samples A and
B, with different AR, at the initial stage right
after the peel-off. (c), (d) The corresponding
KPFM surface potential maps of Samples A and
B, respectively. (e), (f) The height (blue dotted
line) and the relative surface potential AVcpp
(red solid line) profiles taken along the green
arrow scan lines in (a)-(d). The black arrows in
(e) and (f) specify the extents of the flat inter-
stitial region (INT), leading edge (LE), and
trailing edge (TE), respectively. The green ar-
rows specify the peel-off directions. (Scale bars:
500 nm).
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matching the heights h of the nanocones in the master molds. The cor-
responding aspect ratios (AR = h/r) were 0.42 and 0.18, respectively.

Fig. 2c and d shows the KPFM scans of the surface potential (Vcpp) on
the PDMS surface. PDMS is an insulator without a clearly defined Fermi
level. Since the KPFM measurement depends critically on the tip-sample
Fermi level difference, it was difficult to find the absolute values of V¢pp.
So, we first obtained the relative contact potential difference (AV¢pp) by
setting the lowest Vcpp level to zero. Estimation of the absolute Vcpp
level will follow in the later part of this paper.

In both samples, the distribution pattern of AV¢pp takes the form of a
partial eclipse. It agrees well with the prediction from our mechano-
triboelectric charging model which related the tribocharge’s distribu-
tion pattern to the surface topography of the master mold using the force
arising from the demolding process as a mediating factor [18,19]. Spe-
cifically, the model states that the final tribocharge is proportional to the
interfacial friction level accumulated during the peel-off action (Fig. 1¢)
[19]. In the current nanocone-nanocup demolding geometry, shown in
the inset of Fig. 1c, the tribocharge’s distribution pattern on the nanocup
should exhibit its minimum and maximum in the regions corresponding
to the leading and trailing edges of the nanocone, respectively, because
the two edges undergo the lowest and highest levels of interfacial fric-
tion during the peel-off process.

Fig. 2e and f shows how the AVcpp level (solid red) and the depth
d (dotted blue) changed along the peel-off direction (the green arrows in
Fig. 2a—d). We plotted them in superposition for facile comparison. In
agreement with our argument above, the level of AVcpp became maxi-
mized along the ascending slope of the nanocup which corresponds to
the trailing edge of the nanocone. The proportionality of the tribo-
electrification level on the interfacial friction also suggested that a
nanocone with a higher AR would lead to a higher AV¢pp value. Com-
parison of the results in Fig. 2a and b reveals that it is indeed the case.
For a more quantitative characterization of the tribocharge, we per-
formed EFM on the samples and measured the charge’s density and
polarity. The detailed method and result can be found in Supplementary
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2.2. Temporal measurement results

With the experimental setup validated, we proceeded to characterize
the tribocharge’s temporal behavior. To facilitate the surface potential
data collection, which was planned to be a long-term, continuously
repeated process, we selected a 2 um x 1 um area in each sample as the
target area and performed KPFM scans only on it. Specifically, we
scanned the target area at a regular time interval of 30 min, for 24 h.
Exemplary scan results, taken at six different time points from Samples A
and B, are shown in Fig. 3a and b, respectively. According to the color
bars on the right, the surface potential levels of both samples decayed
temporally, which indicates weakening of the tribocharge. Semi-
logarithmic versions of the data plots can be found in Supplementary
Information.

For a more detailed study of the tribocharge decay, we extracted
temporal data from three different regions of the target area. The first
two regions are the crescent- and circle-shaped regions of the partial
eclipse-like pattern, i.e., the blue and red regions in Fig. 2c¢ and d,
respectively. They correspond to the leading edge (LE) and the trailing
edge (TE) of the PET nanocone during the peel-off process (Fig. 1c). We
will refer to them as the LE and TE regions, respectively, with the cor-
responding surface potential denoted as Vig and Vrg. As mentioned
above, the LE and TE regions experience the lowest and the highest
levels of interfacial friction during the peel-off process, respectively
[18,19]. In addition, we designated the flat surface between the nano-
cups as the interstitial (INT) region, with the corresponding surface
potential denoted as Viyr. The interstitial region is very important
because the influence of the surface morphology, such as the size and
shape of the nanocone, on the peel-off mechanics becomes minimized in
it, providing an ideal location for making sample-to-sample
comparisons.

We extracted AVcpp from multiple LE, TE, and INT regions within
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each target area and averaged the extracted AVcpp to obtain the Vig,
Vg, and Viyt data for analysis (see Methods and Materials for more
details). They are plotted in Fig. 3c and d for Samples A and B, respec-
tively. We plotted Vg, V1g, and Vit in superposition to facilitate their
comparison. In general, the plots indicate that Vg > Vint > Vig, which is
consistent with the shape of the AV¢pp curve in Fig. 2e and f. Some of
them exhibited a clear double-decay, in which a rapid initial decay was
followed by a much slower decay. In Vg or Viyy of Sample A, however,
such a double-decay was not very obvious, necessitating a more quan-
titative analysis.

2.3. Curve-fitting analysis

To that end, we applied curve-fitting to Vg, V1g, and Vinr using the
following double-exponential function as the fitting function [31,34]:

V=Apre/" 4 Ave ™ 4 Vig o))

where A; and A represent the amplitudes of the fast and slowly decaying
exponential components, respectively, t the time, 7; and 7, the time
constants for the fast and slow decays, respectively, and Vi the long-
term residual surface potential which includes the contributions from
both the fast and slow decay components.

Among the three sets of surface potential data, we chose Viyr as the
first target of the curve-fitting analysis. As mentioned above, the flat INT
region is ideal for sample-to-sample comparison because the influence of
the nanocone’s shape and size on the peel-off mechanics becomes
minimized there. One technical challenge was the strong jitter in the
collected data that can make curve-fitting ambiguous by allowing many
different combinations of the fitting parameters to produce similarly
high correlation-squared (R?) values. Rather than blindly pursuing the
highest level of R, we set up one conjecture and enforced it during the
curve-fitting process as a constraint. The conjecture was that the tribo-
electrification mechanisms responsible for the fast and slowly decaying
tribocharges are common to both samples in the flat INT region.
Therefore, we will be able to find identical, or very close, time constants
from the Viyr data of both samples, i.e., 7¢ o 7y and 7,4 7, 5. So, we
tried to maximize the R? values in both samples simultaneously by

8 12
Time (hr)

adjusting the values of A, Ag, and Vi1, while varying the decay time
constants in conformation of the constraints.

The results are shown in the third column of Table 1. The R? values of
the two samples’ data maximized simultaneously when 7y and 7, were set
to 0.6 and 9.5 hr, respectively. The fitting curves are plotted in Fig. 4a
and b, in superposition with the data. To show the long-term decay
estimation, we extended the time-axis to 48 hr. To facilitate visual
comparison of the relative contributions from the fast decay, slow decay,
and Vyr to the total result, we plotted them collectively in Fig. 4c and d.
The plots show that the decay of Viyr in Sample A is almost single-
exponential while that of Sample B is clearly double-exponential.

The fact that we could find a common set of 7y and 7, which is
applicable to both INT regions suggests that there indeed existed two
distinct triboelectric charge generation mechanisms operating in the flat
INT region. The two mechanisms were common to both samples and
generated two different types of triboelectric charge, each with its own
decay characteristics. The computed coefficients A¢ and A allow us to
compare the strength of the two generation mechanisms in each sample.
As shown in Table 1, the levels of their relative strength are very
different for Samples A and B. In Sample A, Afand Ag are 0.3 and 5.4 V,
making the slow decay the dominant component. In contrast, in Sample
B, they are 5.1 and 1.7 V, making the fast decay the dominant one. This
difference in the dominant triboelectric generation mechanism suggests
that the nanocone’s size and shape still affect the triboelectric charging
process even in the flat INT region.

To explain the surface morphology dependence, we extended our
mechano-triboelectric charging model. As shown schematically in the
enlarged Fig. 1c, during the peel-off process, the PDMS surface in the
INT region becomes displaced in two directions: (i) Along the tangential
t-direction which rubs the PDMS surface against the PET surface,
causing the interfacial friction to be accumulated, and (ii) Along the
surface-normal ni-direction which vertically detaches the PDMS replica
from the PET master mold. Our original model considered only (i). Here,
we also include (ii) as a triboelectrification mechanism. The relative
significance of (i) and (ii) will be determined mainly by the shape and
size of the nanocones. The flat INT region surrounded by nanocones with
higher AR values is less likely to undergo a significant tangential
displacement as the nanocones would resist the interfacial slipping. Such
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Time constants of the fast (z;) and slow (z,) decay components, the relative strength of two charge types (A¢,A;), and long-term

residual surface potential (Vi) for Samples A and B.

Sample Curve-
(nanocone fitting
height, AR) parameters VINT Ve ViE
A (110 nm, Tf Ts 0.6 9.5 1.3 8.5 1.1 10.1
0.42) (hr) (hr)
Ag Ag 0.32 5.39 4.30 4.49 0.29 4.41
V) W)
Vit (V) 2.91 6.22 0.25
R2 0.9581 0.9875 0.9579
B (50 nm, Ty Ts 0.6 9.5 0.6 10.5 0.8 3.5
0.18) (hr) (hr)
Ay Ag 5.07 1.73 5.66 2.23 3.19 1.07
4] V)
Vir (V) 2.95 5.46 1.13
RZ 0.9680 0.9679 0.8966

a reduction in the interfacial slipping (or shear) will weaken the accu-
mulation of the friction and, hence, lower the triboelectric charge den-
sity and the surface potential level. In contrast, the INT region
surrounded by low-AR nanocones is likely to experience a higher level of
interfacial slipping.

From the results in Table 1, which show the fast decay was dominant
in Sample B (low AR) but almost non-existent in Sample A (high AR), we
hypothesize that the fast decaying tribocharge was originated from the
interfacial slipping while the slowly decaying tribocharge was generated
by the surface-normal separation of the PDMS-PET interface. To verify
the hypothesis, we proceeded to curve-fit Vyg and Vig. Basically, we
tried to see whether we can curve-fit the temporal data collected from
the TE and LE regions with Eq. (1) using the two exponential decays
obtained above, i.e., the fast decay with 7y~ 0.5 hr and the slow decay
with 7,~ 10 hr and still obtain Af and Ag values that are consistent with
the model hypothesized above.

For the TE regions of Samples A and B, the best curve-fit results are
shown in the 4th column of Table 1. The values of 7; for Samples A and B
were approximately 1.3 and 0.6 hr, respectively. The corresponding 7
were approximately 8.5 and 10.5 hr, respectively. They are close to the
7y and 7, values obtained in the INT region (0.6 and 9.5 hr), respectively.
In both cases, the R? values approached 0.97 and 0.99. Therefore, the TE
results extend our original conjecture, that there exists a set of fast and
slow decays which is common to all INT regions, into the non-flat TE
regions.

The fitting curves are plotted in Fig. 5a and b in superposition with
the data. Fig. 5¢ and d show the individual contributions of the fast
decaying, slowly decaying, and long-term residual components to the
overall curve-fitting results. The relative strength of the fast and slowly
decaying components, which is reflected in the coefficients A¢ and As
was noticeably different in the two samples. In the TE region of Sample A
(high AR), the fast decaying component, which was almost non-existent
in comparison with the slowly decaying one in the INT region (As/A~
0.059), became comparable to the slowly decaying component (As/A,~
0.95). In contrast, in Sample B (low AR), the relative strength of the fast
and slowly decaying components was approximately the same in the INT
and TE regions, with the A;/A, ratios maintained at 2.94 and 2.59,
respectively.

These differences in the relative contribution levels of the fast and
slow decays in the TE region are consistent with the hypothesis that the
fast decaying tribocharge was originated from the interfacial slipping

while the slowly decaying tribocharge was generated by the surface-
normal separation of the PDMS—PET interface. As shown in Fig. 1c, in
the TE region, the peel-off action inevitably rubs the PDMS surface
against the PET nanocone, increasing the interfacial friction. Indeed, the
TE region of the higher-AR Sample A saw almost a factor of 16 increase
in the A¢/A; ratio in comparison to that in the INT region. On the other
hand, in the lower-AR Sample B, the peel-off mechanics in the TE region
is similar to that in the INT region, which explains the observation that
the A /A, ratios are similar in the INT and TE regions.

For the LE region, the curve-fitting results are shown in the last
column of Table 1, and plotted in Fig. 6a and b. Again, we tried to
enforce the 7; and 7, values obtained above while maximizing the R?
values simultaneously in both samples. In Sample A, the resulting z; and
7, were 1.1 and 10.1 hr, respectively. Again, they are close to the values
obtained for INT and TE regions. We also found the relative strength of
the fast and slow decays consistent with our model. In the high-AR
Sample A, the high-AR nanocones resist the interfacial slipping and,
hence, reduce the interfacial friction and the contribution of the fast
decay. From the results above, we obtained a very low value of A /A~
0.068 which is close to that obtained from the INT region (As/As~
0.059).

In Sample B, the fitted parameters 7; and z; were 0.8 and 3.5 hr,
respectively. The 7; value was consistent with the previous five results
but the 7, value was far off from the typical 9-10 hr observed in other
samples or regions. We ascribe the discrepancy to the severely weaker
and noisier nature of the Vig data in Sample B. In fact, the highest R?
value we could get out of it was <0.9.

Our peel-off mechanics-based interpretation still exhibited a quali-
tative agreement with the observations. From the low-AR case of Sample
B, the mechano-triboelectric charging model predicted that the domi-
nance of the fast decay will be maintained across the INT, LE, and TE
regions, which was indeed the case. The computed A¢/A; ratio was 2.91
which maintains the dominance of the fast decay at a level comparable
to the A¢/A; ratios obtained in the INT and TE regions (2.59 and 2.94).

To sum up, via curve-fitting of the surface potential’s temporal data
in the flat INT region, we identified two different, i.e., fast and slowly
decaying, components. By extending our mechano-triboelectric
charging model, we qualitatively attributed them to tangential slip-
ping and the vertical separation of the material interface, respectively.
Subsequently, we quantitatively showed that the extended model holds
for the temporal data obtained from the LE and TE regions. To
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corroborate our mechano-triboelectric model, we repeated the experi-
ments with a new set of PDMS replicas and observed a similar set of
temporal behaviors and spatial dependence (Supplementary Fig. S4—S6,
Supplementary Table S1).

2.4. Estimation of pedestal potential

The analysis above, however, is not complete because the absolute
surface potential level Vcpp is not estimated yet. So far, we have only
dealt with the relative potential level AVcpp by setting the minimum
point of Vi, i.e., the weakest potential, to zero. Axt et al. demonstrated
that the stray electric field on surface affects the resolution of KPFM
measurements, making it difficult to detect the absolute potential level
[41]. The averaged electrostatic force of the KPFM signal can also reduce
the absolute potential [42]. As will be shown in the later part of this
paper, we did observe non-zero residual potential in all regions after a
24-hr period.

To find the “pedestal” potential Vp to be added commonly to Vig,
Vint, and Vig to turn them into absolute potential levels [43], we
exploited the following observation: in each sample, we can find two
regions in which the relative contributions of the two tribocharge gen-
eration mechanisms are almost identical. For example, in Sample A, the
two tribocharge generation mechanisms in the INT and LE regions ac-
quired the same relative strength. This can be verified by comparing the
ratios of the coefficients A¢nt/Asint and Ag1g/Asg. From Table 1, Ag,
INT/As, Nt = 0.32/5.39 = 0.059 and Ag1p/As 1 = 0.066, which are very
close. In Sample B, on the other hand, the two tribocharge generation
mechanisms worked with the same relative strength in the INT and TE
regions, with Afint/Asint = 5.07/1.73 = 2.92 very close to A¢rp/AsTE
=3.27.

These regions form a pair with which we can estimate the overall
change in the strengths of the triboelectrification mechanisms. For
example, in Sample A, the overall strength of the tribocharge generation

was slightly higher in the INT region, as indicated by the ratios Afn1/Ar,
e = 0.32/0.29 = 1.10 and Agnt/Asig = 5.39/4.41 = 1.22 shown in
Table 2. On the average, the generation of tribocharge was strengthened
by a factor of Ryye ~ 1.16 in the INT region in comparison to the LE
region.

The resulting Vi, however, did not increase by a similar factor. In
the INT region, Vi1 (2.91 V) was increased by a factor of more than 11
when compared with the Vi value in the LE region (0.25 V) (Table 2).
Such a disproportionality suggests the existence of a large pedestal po-
tential Vp under both Vi1 values [41,42]. Under the assumption that the
Vit component increases by the same factor as A¢ or Ag, Vp can be
computed straightforwardly by the following relation,

(Virie + Vo) X Rae = Virr + Vo ()

Plugging in the pertinent values leads to Vp = 16.16 V, which is
substantial in comparison to the amplitudes of the fast and slow decays.

Since we assumed that the pedestal values are proportional to the
amplitudes, the total DC component, i.e., the sum of Vi and Vp, can be
split into the fast and slow components by the ratios of A¢/(Af + As) and
Ag/(Af + Ay) in each region, respectively. For example, in the INT region,
VLT,f,INT = (VLT,INT + Vp)-Af/(Af + AS) =0.056 x 19.11 = 1.07 V and
Vitsint = (Virnt + VB)-As/(Af + A =0.94 x 19.11 = 18.01 V.
Physically, the pedestal value Vp, represents the potential difference
between the flat portion of the elastomeric surface and the probe, in the
KPFM setup.

To check the validity of this estimation approach, we applied the
same proportionality argument to the Vg data of Sample A to estimate
the total DC component in the TE region using the Viyr data. For the fast
and slow decay components, the formulation leads to

Arte 3)

ArNt

Virere = Virenr:
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Table 2
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The amplitude ratio of 7; and 7, in the selected region that describes the identical decaying mechanisms, the long-time residual potential Vi ratio, and the estimated
pedestal potential level Vp. The INT and LE region were selected for the Sample A, INT and TE regions were chosen for the Sample B.

Vp
Sample (AR) Regions Relative strength ratio Vi ratio V)
Sample A (0.42) INT/LE ApINT/AfLE Ag INT/As LE 291/ 16.16
0.25 = 11.6
1.10 1.22
Sample B (0.18) INT/TE Af.lN'T/Al'.T[{ As.lNT/As,TE 2.95/ 9.59
5.46 = 0.54
0.89 0.78
V. _v .AS,TE @ charge and potential distribution’s details still maintained similarities to
FTTE = FETSINT A Nt those obtained at the 24-hr point. For example, they were still in the

Plugging in the pertinent values from Table 1 leads to Virgte
=14.35V and Virsre = 15.01 V, setting the total DC component at
29.36 V. The total DC component estimated from the measurement data
by adding the pedestal value to Vi is 6.224 + Vp = 22.38 V, showing
that the estimation based on the proportionality in qualitative agree-
ment with the measurement data.

In the case of Sample B, the INT and TE regions form a pair. The
overall strength of the tribocharge generation was higher in the TE re-
gion, as indicated by the ratios A¢nt/Afg= 5.07/5.66 = 0.89 and Ag,
nt/Aste = 1.73/2.23 = 0.78. In average, the generation of the tri-
bocharge was varied by a factor of Ryye ~ 0.84 in the INT region in
comparison to the TE region. The level of Vi1, however, changed at a
lower rate, by a factor of 2.95/5.46 = 0.54, indicating again the exis-
tence of a pedestal level Vp. Using a relation similar to Eq. (1), we can
find Vp to be 9.59 V which is also substantial in comparison to the am-
plitudes of the fast and slow decays.

Fig. 7 shows the estimated absolute potential level Vcpp, complete
with the total DC component (Vir + Vp) and the two decay components.
As stated above, in the case of Sample A, the Vit and Vig exhibit
ambiguous double decaying trends. We subsequently describe the semi-
log plot to explicitly exhibit the double decaying trends for both samples
with the total DC components (Supplementary Fig. S1). The total DC
component may be split among the fast and slow components at a ratio
determined by the relative strength of the two components. Alterna-
tively, the total DC component can be claimed by one component
exclusively. Currently, there is not enough data to reach a definite
conclusion. One thing clear is that the total DC components are greater
than the decay amplitudes, rendering the initial decays, fast or slow,
small perturbations. All of these points to the possibility of finding long-
term stable tribocharge on the PDMS surface.

2.5. Observation of long-term stable tribocharge

To explore the possibility of finding such a long-term stable tri-
bocharge, we performed KPFM scans of Samples A and B again at the 14-
day point, which is well beyond the initial 24-hr scan period or the 48-hr
curve-fitting range. Fig. 8 shows the results. Note that the scanned areas
were not the same target areas that we probed and reported in Figs. 2-7.
Due to the nanometric length-scale of the sample features, we could not
position the probe at exactly the same point twice. Therefore, the scans
were performed at the closest points to the original target areas that we
could locate.

Despite such a limitation, a few interesting observations were made
from the results. Above all, it is clear that the surface potential on
Samples A and B sustained 336 hr in uncontrolled ambience. Second, the

originally observed partial eclipse-like pattern (Fig. 2), with decreased
potential values. With respect to Vi, the levels of Vint and Vg were
measured to be 2.9 V and 5.4 V for Sample A and 1.3V and 3.2 V for
Sample B, respectively. Their ratios, i.e., Vg / VinT, Were 1.87 and 2.46
for Samples A and B, respectively, which are close to the ratios obtained
from the plots in Fig. 2e and f, i.e., 2.24 and 2.53 for Samples A and B.

More importantly, the newly measured Viyr and Vpg levels with
respect to Vg are very close to the Vi level computed for each region in
Table 1. For example, in Sample A, the initial values for Vi1 in the INT
and TE regions were 2.66 (= 2.91 - 0.25) and 5.97 (= 6.22 - 0.25) V,
respectively, which are close to the Viyt and Vg levels measured at the
14-day point, i.e., 3.2 V and 5.4 V, respectively. The same applies to the
results obtained from Sample B. With all the similarities taken together,
it is probable that the PDMS surface still maintains the Vp + Vi1 levels
calculated above, retaining the long-term stable tribocharge at the cor-
responding densities.

For a more facile comparison of Figs. 2 and 8, their overlap plots are
included as Supplementary Fig. S3. The similarities in the KPFM scan
profiles indicate that the two target areas have undergone very similar
peel-off processes. The consistency in the scan profiles also suggests that
the spatial distribution patterns of the surface charge did not change
significantly due to transport mechanisms such as diffusion [25]. This
argument of the surface charge’s stationarity can be further corrobo-
rated by the purity of the exponential decay curves we reported in the
previous section. In general, decays involving diffusion exhibit stretched
exponential curves [44,45]. Our results, while exhibiting two different
time constants, remained purely exponential, minimizing the possibility
that diffusion was involved in the charge’s relaxation process.

3. Discussion

The findings described above can be related to the mechanisms of
tribocharge generation via molecular dynamics. Classical force field-
based molecular dynamics simulations [46,47] of polymer demolding
from nanostructured molds have provided valuable insight into the
atomistic changes occurring during the demolding process in soft
lithography. They suggest that both bond-bending and bond-stretching
distortions of the polymer chains occur during the demolding. In
particular, the demolding process increases the radius of gyration Rg of
the polymer chains, causing significant stretching of the polymer chains
and a decrease in their average density [46]. Such a stretching was also
found from PDMS demolding, resulting in significantly lower Young’s
modulus, Poisson ratio, and tensile yield stress [47].

Ab-initio electronic structure calculations [48] have shown that such
stretching of polymer chains can decrease the electronic energy gaps, via
changes in the highest occupied molecular (HOMO) and lowest
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Sample B (AR = 0.18)
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Fig. 7. The reconstructed absolute potential levels Vcpp of in INT, TE, and LE regions in (a) Sample A and (b) Sample B. The error bars in (a) and (b) represent the
standard deviation obtained from each region (TE, INT, LE) within the scanned area.

Sample A (AR =0.42)

Sample B (AR =0.18)

Fig. 8. The AFM and KPFM maps of Samples A
and B taken at the 14-day point. (a), (b) AFM
scans of Samples A and B, respectively. (c), (d)
The corresponding KPFM surface potential
maps of Samples A and B, respectively. (e), (f)
The depth d (dotted blue) and the surface po-
tential AVcpp (solid red) profiles taken along
the green arrow scan lines in (a)—(d). The black
arrows in (e), (f) specify the INT, LE, and TE
regions. The green arrows specify the peeling
directions in all panels. (Scale bars: 500 nm).
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unoccupied molecular (LUMO) levels, and affect the charging conditions
of these nanostructures, providing important connections between the
tribocharging and demolding process [49]. High-AR structures may
induce larger distortions of the polymer chains, and consequently more
significant changes in the electronic energy gaps through an increase in
the HOMO and decreases in the LUMO levels, than low-AR ones. The
upward shift of the HOMO level makes the polymer more electro-
positive and can lead to a stronger tribocharging. It can also lead to
different temporal behaviors. We speculate that tangential sliding and
surface-normal separation of the material interface may lead to pre-
dominantly bond-bending and bond-stretching distortions, respectively,
with their accompanying electronic level changes producing the fast and
slow components of the tribocharge temporal behavior, respectively.
Further electronic structure simulations are needed to quantify this

1 1 1 0
400 600 800
x (nm)
connection.

Experimenting with heterogeneous nanocone arrays with nanocones
of different AR values appearing alternatingly would be a decisive step
to gain a deeper understanding of the tribocharging process. At the same
time, the possibility that the atmospheric or surface humidity has
contributed to the tribocharge generation [50,51] in conjunction with
the peel-off mechanics [52] cannot be ruled out.

Recently, machine learning of our 3D KPFM data has identified the
physical rules underlying contact electrification and provided a frame-
work for reliably predicting the electric potential for more samples [53].
With the verified framework, we will be able to further improve the
tribocharge generation mechanisms and the tribocharge’s temporal
stability, enabling its sustainable utilization and widen the application
scope.
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4. Conclusion

In conclusion, we have systematically studied the temporal behavior
and stability of the nanoscale patterned tribocharges generated on
highly deformable elastomer surfaces through the newly established
replica molding technique. For data collection, we repeatedly performed
short-interval KPFM scans of the same area, which turned out to be very
effective in grasping both the big picture and the underlying details. The
measured surface potential’s temporal behavior revealed that the tri-
bocharge underwent a double-decay in which an initial fast decay is
followed by a slower one, eventually leaving only a DC component. We
hypothesized that the two decays can be attributed to two distinct tri-
bocharge groups which, in turn, can be traced to two different charging
mechanisms, and performed curve-fitting analysis to verify the hy-
pothesis. The analysis identified two exponential decay functions, with
their decay time constants in the range of 0.5 hr and 10 hr, and also
revealed that the two exponential decays are common to all areas and
samples. By combining the curve-fitting results and the mechano-
triboelectric charging model, we could attribute the fast and slowly
decaying tribocharges to the tangential sliding and surface-normal
separation of the material interface during the peel-off action, respec-
tively. Furthermore, by extending the curve-fitting analysis, we esti-
mated the DC component of the measured potential which reveals the
long-term stability of the tribocharge. The analysis results indicate
that both the fast and slow decays may be relatively small perturbations
to the DC components. We experimentally confirmed the existence of
such a long-term stable charge on the PDMS surface by measuring the
surface potential levels at the 14-day point after the sample preparation.
This work extends our previous mechano-triboelectric charging model
by adding one more charge generation mechanism and relating it to the
tribocharge’s temporal behavior. Both the model and the analysis
method can be utilized to analyze and predict the spatial and temporal
behaviors of the tribocharges on elastomer surfaces, facilitating their
future utilizations for energy harvesting, flexible electronics and medi-
cal applications.

5. Methods and materials
5.1. Fabrication of the tribocharged PDMS nanocup arrays

To fabricate the tribocharged PDMS nanocup arrays, we initially
prepared two different types of PET molds with a 750 nm-pitch trian-
gular array of nanocones (500 nm in base diameter, 110 nm (Sample A)
and 50 nm (Sample B) in height, MicroContinuum Inc.). We proceeded
to prepare liquid phase PDMS (Sylgard 184, Dow Corning) mixed with
curing agent 10:1 wt% and desiccated the mixture for 30 min to remove
air bubbles. Then, we poured the PDMS mixture onto the PET master
molds. The PET master molds with the liquid-phase PDMS was placed on
the hot plate (65 °C) over 24 h. Upon its complete solidification, we
peeled the PDMS off from the master molds obtaining a matching
nanocup array. The depth d of the nanocup arrays was varied to be
105 + 6 nm (Sample A), and 45 + 4 nm (Sample B).

5.2. Tribocharge characterization via AFM/KPFM

Each sample was cut intoa 1 cm x 1 cm square and placed in atomic
force microscope (AFM) (Multimode, Bruker) to characterize the surface
morphology. Then we carried out the KPFM using a conductive Pt/Ir
coated tip (SCM-PIT-V2, k = 2.8 N/m, fy = 75 kHz, Bruker) for 24 h.
The lift height was set to 50 nm and the scanning rate was 0.5 Hz over
the same spatial area (2 pm x 1 um) for 24 h. The time interval was set
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to 30 mins to provide sufficient data points.

5.3. Extraction of regional surface potential data

The Vi, Vrg, and Vinr values for further analysis were obtained as
follows. We first separated the target area (2 pum x 1 um) into the
crescent-shaped and circle-shaped regions (shown in Fig. 2¢ and d) and
marked them as the LE and TE regions. The rest of the target area was
marked as the INT region. Then, we collected the measured surface
potential from 3 LE and TE regions. From each LE and TE region, we
collected 4 data sets, making the total data count 12. From the INT re-
gion, we also collected 4 data sets. Then, we obtained their averages and
standard deviations that are plotted in Fig. 3. The spatial interval for the
KPFM probe’s scanning operation was 5 nm in both horizontal and
vertical directions. Since the LE and TE regions took the shape of circles
and crescents with >100 nm extents, we could safely set multiple data
points near the center of the regions and record the values.
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