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ABSTRACT: By combining contact-mode atomic force microscopy (AFM)
and scanning Kevin probe microscopy (SKPM), we demonstrated an in situ
method for quantitative characterization of the triboelectrification process at
the nanoscale. We systematically characterized the triboelectric charge
distribution, multifriction effect on charge transfer, as well as subsequent
charge diffusion on the dielectric surface: (i) the SiO2 surface can be either
positively or negatively charged through triboelectric process using Si-based
AFM probes with and without Pt coating, respectively; (ii) the triboelectric
charges accumulated from multifriction and eventually reached to saturated
concentrations of (−150 ± 8) μC/m2 and (105 ± 6) μC/m2, respectively;
(iii) the charge diffusion coefficients on SiO2 surface were measured to be
(1.10 ± 0.03) × 10−15 m2/s for the positive charge and (0.19 ± 0.01) × 10−15

m2/s for the negative charges. These quantifications will facilitate a
fundamental understanding about the triboelectric and de-electrification process, which is important for designing high
performance triboelectric nanogenerators. In addition, we demonstrated a technique for nanopatterning of surface charges
without assistance of external electric field, which has a promising potential application for directed self-assembly of charged
nanostructures for nanoelectronic devices.

KEYWORDS: Triboelectric, atomic force microscopy, scanning Kelvin probe microscopy, nanogenerators, TENG

Charge transfer between surfaces of two distinctly different
materials through triboelectric effect is a well-known

phenomenon1−3 that has various applications such as powder
spray painting,4 electrophotography,5,6 electrostatic separation,7

and energy harvesting.8 Recently, triboelectric nanogenerators
(TENGs) have been invented for harvesting ambient
mechanical energy based on the triboelectric effect coupled
with electrostatic effect, and it has demonstrated unprecedented
high output of its kind in both voltage and power density and
efficiency, showing great promise for building self-powered
portable electronics as well as possible large-scale energy
harvesting.9−11

Although the triboelectrification effect has been known for
thousands of years, a fundamental understanding about it is
rather limited. Research has been conducted to characterize the
triboelectrification process using various methods such as
rolling sphere tool-collecting induced charges from rolling
spheres on top of a dielectric disk,12−15 and using atomic force
microscopy (AFM) to measure surface electrostatic force or
potential on surfaces contacted by micropatterned materi-
als.16−18 However, these methods either lack an accurate
control of the electrification process and/or cannot directly
reveal the triboelectric interface, thus hardly achieving a
quantitative understanding about the in situ triboelectric
process.

Here, we demonstrate an in situ method to quantitatively
characterize the triboelectrification at nanoscale via a
combination of contact-mode AFM and scanning Kevin
probe microscopy (SKPM). Benefitting from the fact that the
AFM system can precisely control the contact force, area,
speed, and cycles of the triboelectric process, systematical
characterizations of the triboelectrification were realized
including triboelectric charge distribution, multifriction effect,
and the subsequent charge diffusion on the dielectric surface.
This methodology provides a powerful tool to investigate the
parameters that are important in designing high-performance
TENGs. Furthermore, we demonstrated nanopatterning of
surface charges using an AFM based triboelectrification process,
which has promising applications for directed nanoassembly19

of charged nanostructures.
Our design for the in situ triboelectric characterization is

illustrated in Figure 1a and b. First, the AFM was operated in
contact mode under a normal contact force of 120 nN to
induce a friction pattern of 4 × 4 μm2 area on a silicon oxide
film (Figure 1a). Subsequently the surface topography and
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potential of the rubbed area were characterized in situ in the
scanning Kelvin potential microscopy (SKPM) mode (Figure
1b) with the underlying Si wafer grounded.20−22 Positive and
negative charges can be transferred to the SiO2 surface through
triboelectrification using Si-based probes with and without Pt
coating, respectively. As shown in Figures 1c and d, there is no
detectable topographic change but a clear contrast in the
surface potential images between the rubbed and intact areas.
Figure 1e illustrates the 3D potential distribution in a 20 × 20
μm2 surface area. As shown from the cross section profile
(Figure 1g), the potential of the rubbed area is 0.167 V lower
than that of the intact area, suggesting that excess negative
charges transferred by rubbing lowered the surface potential of
the central area.
To quantify the triboelectric charge density, the relationship

between the surface charge density and the measured potential
from SKPM were investigated. The principle of the SKPM is to
match the probe bias VDC with the contact potential difference
between the sample and the probe VCPD by nullifying the

vibration of the probe, which is initially driven by the
electrostatic force FES induced on the AFM probe, as described
in eq 1:20
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where Ct, z, VAC, and t are the equivalent capacitance between
the tip and sample, the tip−sample distance, the magnitude of
AC voltage applied to the probe, and the time, respectively.
The contact potential difference VCPD is generally deter-

mined by two components: the effective work function of two
materials and the electrostatic potential difference. The former
component depends on the surface properties of the two
materials, and the latter one is determined by the bias and
surface charges of the sample.20 Since the work function

Figure 1. Schematic illustration of the experiments based on AFM. (a) Triboelectric charge generation by friction between AFM probe and SiO2 and
(b) subsequent surface potential characterization in the SKPM mode. (c) AFM topography of SKPM surface potential image. (d) AFM topography
of a larger area on SiO2. The dashed line corresponds to the profile in f. (e) 3D image of the measured surface potential profile. (f) Cross section
profile of the potential distribution. (g) Simulated electric potential distribution in vertical direction under the condition when surface potential was
measured in SKPM. Parameters used in simulation: the apex angle of the AFM probe was set to 35° with a tip radius of 10 nm, and had potential of
−0.168 V; the center 4 μm area on top surface of SiO2 had surface charges with a density of −29 μC/m2, and the bottom surface of SiO2 was
grounded. The inset is an enlarged picture of the tip area.
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difference is almost the same across the measured surface, the
potential contrast between the rubbed area and the intact area
ΔV should be determined by the triboelectric charge induced
potential change. The charge induced SiO2 surface potential
change ΔV can be correlated to the surface charge density σ
using a parallel capacitor model, as given in eq 2, since the scale
of the charged area (4 μm) is much larger than the thickness of
the SiO2 film (200 nm).

σ
ε ε

=
ΔV

t
0 SiO

SiO

2

2 (2)

where ε0 is the vacuum dielectric constant and εSiO2
and tSiO2

are
the relative dielectric constant and thickness of SiO2,
respectively. In the case of ΔV = −0.167 V, σ is calculated to
be −29 μC/m2. To verify the accuracy of the simplified model,
we carried out a 2D numerical calculation for the potential
distribution with the surface charge density of −29 μC/m2 and
the presence of the AFM probe. When the probe bias is set at
−0.168 V, there is no potential gradient between the surface of
charged area and the AFM probe, which indicates that the
electrostatic force on the probe is nullified. This simulated bias
value agrees very well with our measured −0.167 V.
Benefitting from the capability of controlled charge trans-

ferring and in situ measurement, the method as described above
can be used to investigate the multifriction effect on the
triboelectric charge transfer at the interface. In this experiment,
the SiO2 was rubbed for multiple cycles at the same area with
constant contact force. The corresponding SKPM images after
each friction cycle are shown in Figure 2a, and the extracted
potential profiles are presented in Figure 2b. Within eight
cycles of friction, the magnitude of the potential increased from

0.1 to 0.7 V at a slowing rate. To quantify this process, the
surface charge density was calculated according to eq 2. As
shown in Figure 2c, there is a clear trend for the surface charge
accumulation and saturation process.
As in our experiment, the triboelectric process on the SiO2

surface is considered as the cases of a metal−insulator. The
mechanisms is mainly explained by the “effective work
function” assumption in previous report, and the nature of
the transfer can either be electron transfer, ion transfer, or even
material transfer.23,24 Regardless of the nature of the transfer,
the amount of charges transferred in each contacting cycle is
related to the difference in the effective work function of metal/
semiconductor and the insulator, Δφ,25 and the absolute value
of Δφ decreases with charge accumulating on the dielectric
surface. When Δφ = 0, the triboelectric charges on the SiO2
surface reach saturation. Thus, here we built a phenomeno-
logical model according to this proposed mechanism to fit our
experimental result. Similar to the model for small particle
charging,26 the quantity of charges transferred each time is
assumed to be proportional to the potential difference between
the AFM probe and the SiO2 surface. This potential difference
consists of the work function difference between the two
contacting materials Vc as well as the image charge potential Ve
induced by existing charges on SiO2 surface. Vc is a fixed value
that only depends on material property, and Ve is proportional
to the amount of existing charges.26 Thus, the overall charge
transfer in each cycle is described by eq 3

σ σ= −
n

kV pV
d
d c e (3)

where σ is the accumulated surface charge density, n is the
number of friction cycles, k is considered as charging efficiency

Figure 2. Triboelectric charge accumulation on the SiO2 surface with the increase of the number of repeated rubbing at the same area. (a) Series of
surface potential images taken in the same area from intact status to the one after 8th rubbing cycles and (b) their corresponding potential profiles.
(c) Derived surface charge density as a function of the number of friction cycles and our fit based on charge accumulation theory described in eq 4.
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coefficient, and p is considered as charging impedance
coefficient. The boundary condition for eq 3 is as follows: σ0
is the surface charge density before triboelectric process (e.g., at
n = 0), and σ∞ the saturate charge density after infinite
numbers of cycles of friction. The relationship between σ and n
is then obtained as shown in eq 4.
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where n0 = 1/pVe is the saturation constant that controls the
speed of charge saturation, and σ∞ = kVc/pVe. The equation fits
the experimental data very well, as shown in Figure 2c. The
constants were extracted from the fitting: σ0 = (−12 ± 3) μC/
m2, σ∞ = (−150 ± 8) μC/m2, n0 = 3.9 ± 0.5. The adjusted R2

of this fitting is 0.9911, suggesting a fairly good fit.
Similar charge accumulation behavior was also observed in

the experiment of rubbing Pt coated probe on SiO2 film
(Supporting Information S1). The results and theoretical fit are
included in Figure S1 of the Supporting Information. This
quantitative model of charge accumulation with friction cycle

paves the way for cycle controlled triboelectric charge transfer
process.
In addition, taking advantage of the nanometer resolution of

AFM and SKPM, the method is able to give insight on the
migrating process of the triboelectric charges by monitoring the
surface potential distribution within a time period after one
cycle of triboelectrification. In our demonstrating experiment,
an AFM tip first scanned over a 4 × 4 μm2 area of SiO2 surface
in contact mode with a normal contact force of 120 nN to
induce the triboelectric charges. The surface potential
distribution was then monitored by SKPM every 12 min.
Take the diffusion of the positive charge on SiO2 rubbed by Pt
tip as an example, as presented in Figure 3a, with time changing
from 0 to 84 min, the charged area becomes larger, and the
peak voltage contrast becomes smaller. From the profiles of the
same cross section of each image as shown in Figure 3c, the
peak of the potential decreases from 0.4 to −0.06 V, and the
half width at full maximum of the potential distribution profile
increases from 5.1 to 8.6 μm, indicating the diffusion of surface
charges to adjacent area. Charges diffuse laterally on the surface
in two dimensions as well as vertically into the bulk.27 Here we

Figure 3. Charge diffusion over time. (a) Series of images of surface potential distribution as a function of time after the triboelectrification. (b)
COMSOL simulation of surface charge density distribution. Initial charge density was set to be a Gaussian distribution: 4.5 × 1014 exp[−1.2 ×
1011(x2 + y2)], and diffusion coefficient to be 1.10 × 10−15 m2/s. (c) Cross sections of the series of images in a. (d) 1D Gaussian fit of the surface
charge distribution at 12 min (blue) and 84 (red) min, respectively. The time constant (Dt) can be derived from this fitting. (e) Time constant at
different time and its linear fitting. The slope indicates the diffusion coefficient. (f) The profiles of series of surface charge distribution images shown
in b.
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assume that the surface diffusion rate is much higher than bulk
diffusion. This is a reasonable approximation; otherwise most of
the charges would have leaked into the bottom electrode rather
than spreading over the surface because the characteristic
length of the diffusion on the surface (about 3 μm) is much
larger than the thickness of the SiO2 (200 nm). Therefore, we
employ the model for a two-dimensional diffusion to estimate
the surface charge diffusion coefficient on SiO2 on an
unbounded uniform surface from a point source (x0, y0) from
time t0, as described in eq 5:28
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where σ(x, y, t) is the surface charge density of point (x, y) at
time t, A is the magnitude constant, and D is the isotropic
diffusion coefficient on the surface. To extract diffusion
coefficient from experimental data by eq 5, each set of data
at a cross section of y = y0 at a specific time tn was first fit with
Gaussian distribution function f n(x):
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where Cn is the magnitude constant for f n(x) and wn is the
distribution width of the Gaussian function, as shown in Figure
3d. As a further analysis, comparing eq 6 with eq 5, the
following relationship is revealed.

− =D t t w( )
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2n n0
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(7)

By fitting the eight groups of data at different diffusing time (as
illustrated in Figure 3c), a 1/2w2 vs t curve is given, where D is
the slope of the curve. From the fitting, D = (1.10 ± 0.03) ×
10−15 m2/s was obtained with R2 = 0.9953. With this estimated
diffusion coefficient, the charge distribution with time was
simulated using the finite element method (COMSOL), as
shown in Figures 3b and f, which matches very well to the
experimental data. Using the same method, the negative surface
charge diffusion coefficient on the SiO2 was estimated to be
(0.19 ± 0.01) × 10−15 m2/s (as shown in Figure S2 in the
Supporting Information). The significant difference in the

surface diffusion coefficients (more than 5 times higher for
positive charges than for negative charges) may be related to
difference in charge carriers and the structure of the surface.
With a precise position control, the AFM tip induced

triboelectrification can also be used for patterning of surface
charges at the nanoscale. The polarity of the written charges
could be controlled by purposely choosing different probe
materials. As demonstrated in Figure 4, both negative (a, b, and
c) and positive charges (d, e, and f) can be written on the SiO2
surface by using Si-based probes with and without Pt coating,
respectively. The surface charges are successfully patterned,
while the topography of the area was unchanged, which shows
promising potential for directed self-assembly of charged
nanostructures for nanoelectronic devices.19

In summary, we demonstrate an in situ method to
quantitatively characterize the triboelectrification at nanoscale
via a combination of contact mode atomic force microscopy
(AFM) and scanning Kevin probe microscopy (SKPM). Using
this method, we systematically investigated the in situ charge
transfer, charge accumulation from multicycles of friction, and
subsequent charge diffusion on the dielectric surface. The
triboelectric charges accumulated from multifriction and
eventually reached a saturated concentration. The saturated
charge density is consistent with the values estimated from the
analytical model of triboelectric nanogenerators in previous
papers. The calculated diffusion coefficients of charges at
ambient environment suggests that the charge decay time
constant is about tens of minutes, which validates the
assumption of TENG’s design that charges can be held
between two consecutive contacts. This methodology can be
applied to study triboelectrification of different metal−
dielectric/polymer material systems, thereby providing a
powerful tool to investigate the parameters that are important
in designing high performance TENGs. Finally, the surface
charges are successfully patterned while the topography of the
area was unchanged, which has promising potential application
for directed self-assembly of charged nanostructures for
nanoelectronic devices.

Methods. The experiments were conducted in a MFP-3D
atomic force microscope (AFM) from Asylum Research at
ambient environment with a relative humidity of 50%. The Si-
based probe with Pt coating was AC240TM produced by

Figure 4. Patterning of the surface triboelectric charges on an insulator surface. Patterning of negative charges: (a) surface topography image and (b)
2D and (c) 3D images of charge density after patterning. Patterning of positive charges: (d) surface topography image and (e) top and (f) side views
of 3D images of charge density after patterning.
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Olympus. The Si-based probe without Pt coating was prepared
by mechanically wearing the Pt layer off the tip of the
conductive probe (AC240TM from Olympus), where the
probe was scanned on the sapphire under a contact force of 600
nN for three cycles. The SiO2 layer of 200 nm in thickness was
grown on an n-type silicon wafer through thermal oxidation.
For charge generation, the AFM was working in contact mode,
while the normal contact force was calculated from the product
of inverse optical lever amplification (81.6 nm/V), deflection
set point (0.1−2 V), and spring constant of the tip (1.46 N/m).
For characterization of surface charges, the AFM was working
in scanning Kelvin probe microscopy (SKPM) mode, while the
tapping amplitude was set to be 560 mV and lift height to be 50
nm. The tip sample distance was determined by the summation
of lift height and average tapping tip−sample distance, which
was calculated as the product of dynamic optical lever
sensitivity (88.9 nm/V) and tapping amplitude set point
(0.56 V). Therefore, the tip-to-sample distance was 100 nm in
the SKPM mode.
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