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ABSTRACT

Inspired by the contact-separation mode triboelectric nanogenerator (TENG), we propose a technique for local surface charge density
measurement based on atomic force microscopy. It is named as scanning TENG, in which a conductive tip tapping above a charged dielectric
surface produces an AC between the tip and the dielectric bottom electrode due to electrostatic induction. The Fourier analysis shows that
the amplitude of the first harmonic of the AC is linearly related to surface charge density. The results demonstrate that the scanning TENG
is a powerful tool for probing nanoscale charge transfer in contact-electrification.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0051522

Since the invention of atomic force microscopy (AFM) in 1986, it
has become a powerful tool to look into local material properties at
nanoscale. Many different modes and applications based on AFM
have emerged with unprecedented impacts, such as conductive atomic
force microscopy (CAFM),1 piezoelectric force microscopy (PFM),2

Kelvin probe force microscopy (KPFM),3 electrostatic force micros-
copy (EFM),4 lateral force microscopy (LFM),5 magnetic force micros-
copy (MFM),6 and quantitative nanomechanical mapping (QNM).7

Recently, local surface charge density measurement method is highly
desired owing to the invention of the triboelectric nanogenerator
(TENG),8–11 since that the charge density on the dielectric surfaces is
of great importance for TENG. KPFM is currently the preferred mode
for measuring local surface charge density. However, an alternating
bias (AC bias) is required to generate electrostatic force on the conduc-
tive tip and induce the tip vibration in KPFM mode.12 It is hard to
ensure that the applied AC bias does not affect the accuracy of surface
charge density measurement. On the other hand, the output signal in
KPFM mode is the applied voltage bias (DC bias), which compensates
the potential difference between the conductive tip and sample surface.
The relationship between the potential difference and the surface
charge density is not intuitively obvious. Therefore, it is necessary to
develop a scanning probe microscopy technique for local surface
charge density measurement.

Contact-separation mode TENG is one of the most common
types of TENGs,13,14 which usually consist of a conductive electrode
and a dielectric layer with a conductive bottom electrode. When the
conductive electrode contacts the dielectric layer, static charges will be
generated on the dielectric surface due to the contact-electrification. If
the conductive electrode further vibrates near the charged dielectric
surface, an AC displacement current will be induced due to electro-
static induction.

Inspired by the contact-separation mode TENG, we designed a
mode for local surface charge density measurement based on AFM,
which is named as scanning TENGmode. As shown in Fig. 1(a), it can
be considered as a nanoscale contact-separation mode TENG when a
conductive tip tapping above a dielectric surface with a bottom elec-
trode. If the dielectric surface is charged, an AC between the conduc-
tive tip and the bottom electrode will be induced by electrostatic
interaction, just likes that occurs in the normal size contact-separation
TENGs. The amplitude of the AC depends on the density of surface
charges, so, in turn, the mapping of the AC amplitude reflects the sur-
face charge distribution. Here, the tip-sample system is approximated
as a parallel plated capacitor for simplicity, which is valid especially
with considering the gap distance between the tip and the sample is
rather small. Figure 1(b) shows the capacitance model for the nano-
scale contact-separation mode TENG (scanning TENG), in which the
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distance between the tip surface and the dielectric surface can be
expressed by the following equation:

x tð Þ ¼ hþ A0sin xtð Þ; (1)

where h denotes the tip lift height, A0 denotes the tip tapping ampli-
tude [Fig. 1(a)],x is the tapping frequency of the tip, and t is the time.

We assume that the charge density on the dielectric surface is r,
and the induced charges on the bottom electrode surface (the area cov-
ered by the tip) and conductive tip surface are Q and�Sr� Q (where
S denotes the effective surface area of the tip), respectively. According
to the capacitance model, there is a relationship among three parame-
ters:15 the potential difference between the tip and the bottom elec-
trode (V), the amount of transferred charges in between (Q), and the
separation distance between the tip and the dielectric surface [x tð Þ], as
shown below:

V ¼ � Q
Se0

d
e
þ x tð Þ

� �
� rx tð Þ

e0
; (2)

where d denotes the thickness of the dielectric film, e0 is the vacuum
dielectric constant, and e is the relative dielectric constant of the dielec-
tric film.

Combining Eq. (1), Eq. (2) can also be expressed as follows:

Q tð Þ ¼ S �r hþ A0sin xtð Þð Þ � e0Vð Þ
d
e
þ hþ A0sin xtð Þ

: (3)

By taking the derivative of Eq. (3), we can obtain an expression
for the current between the tip and the bottom electrode during tap-
ping as follows:

I tð Þ ¼ Q0 tð Þ ¼
S e0V �

rd
e

� �
A0xcos xtð Þ

d
e
þ hþ A0sin xtð Þ

� �2 : (4)

Equation (4) suggests that the AC between the tip and the bottom
electrode has different frequency components. Here, we focus on the
first harmonic of the AC, which is extracted as follows, and the details
of the derivations are shown in supplementary material note 1,

I tð Þx ¼
d þ ehffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d þ ehð Þ2 � eA0ð Þ2
q � 1

0
@

1
A 2xS ee0V � rdð Þ

eA0
cos xtð Þ:

(5)

In Eq. (5), the amplitude of the first harmonic of the current is
linearly related to the surface charge density (r), which implies that if
all other parameters in Eq. (5) are known and the amplitude of the first
harmonic of the current is measured, the charge density on the dielec-
tric surface can be obtained.

Figure 1(c) gives the block diagram of the scanning TENG, in
which the amplitude of the first harmonic of the induced current is to
be measured. In the scanning TENG mode, the two-pass technique is
used.12 The blue block diagrams show the first-pass for the topography
mapping, in which the AFM is operated in standard tapping mode.16

It should be noticed that other modes for topography mapping, such
as the peakforce tapping mode,17 can also be used in the first-pass.
The scanning TENG mode is operated in the second-pass [red block
diagrams in Fig. 1(c)], in which the tip is raised above the sample

FIG. 1. The setup of the scanning tribo-
electric nanogenerator (scanning TENG).
(a) A conductive tip tapping above a
dielectric surface with lift height h and tap-
ping amplitude A0, which can be consid-
ered as a nanoscale contact-separation
TENG or scanning TENG. (b) The capaci-
tance model for scanning TENG. (c) Block
diagram of scanning TENG mode.
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surface with a certain lift height (h), and scans the surface along the
topographic profile. Meanwhile, the tip is mechanically excited by the
tapping piezo to vibrate at resonant frequency (x) with a certain tap-
ping amplitude (A0). And the AC signal between the conductive tip
and the bottom electrode is collected by using a current application.
Further, the AC signal is fed into to a lock-in amplifier (lock-in 2), and
the reference frequency of lock-in 2 is set to be x, so that the ampli-
tude of x frequency component current can be extracted from the AC
signal. It needs to be clarified that the AC signal needs to be converted
into a voltage signal before it is fed into a lock-in amplifier. And there
is a signal attenuation in the coupling between the current application
and the lock-in amplifier. But anyway, the amplitude output of the
lock-in amplifier is linear in relation to the amplitude of the x fre-
quency component of AC between the tip and the bottom electrode,
with a certain linear coefficient (a). It means that if the amplitude out-
put of the lock-in amplifier is Ac, the amplitude of the first harmonic
(x frequency component) of the induced AC should be aAc.
According to Eq. (5), the surface charge density (r) can be expressed
as follows:

r ¼ ee0V
d
� aeA0Ac

2xSd
d þ ehffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d þ ehð Þ2 � eA0ð Þ2
q � 1

0
@

1
A
: (6)

In Eq. (6), several parameters need to be measured, among which
the effective area of the tip (S) is difficult to be measured accurately. In
order to ensure the accuracy of the scanning TENG, we propose a self-
calibration method here. We let the constant

k ¼ aeA0

2xSd
d þ ehffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d þ ehð Þ2 � eA0ð Þ2
q � 1

0
@

1
A
: (7)

Then, Eq. (6) can be expressed as

Ac ¼
ee0V
kd
� r

k
; (8)

and

r ¼ �kAc þ
ee0V
d

: (9)

According to Eq. (8), the constant k can be calibrated by applying
a different bias between the tip and the bottom electrode. The ampli-
tude output of the scanning TENG (Ac) should vary linearly with the
applied bias, and the slop represents the parameter (ee0kd), in which e
and e0 depend on the dielectric materials and the thickness of the
dielectric film d can be measured accurately. After the constant k is
calibrated, the surface charge density can be calculated by using
Eq. (9).

We established the scanning TENGmode based on a commercial
AFM equipment. A pure Pt tip (its resonant frequency was measured
to be 66 kHz) was used in the experiments, and a Kapton thin film
(with 100nm thickness) deposited on heavily doped silicon wafer was
used as the sample, which is one of the most commonly used materials
in TENG. (More details about the experiments are shown in supple-
mentary material note 2.) We set the A0 and h to be 100nm in the

scanning TENG experiments, and the mapping of the amplitude out-
put of scanning TENG with different bias applied on the tip is shown
in Fig. 2(a). It is found that amplitude output of the scanning TENG
varied linearly with the applied bias between the tip and the bottom
electrode, as shown in Fig. 2(b). By fitting the relationship between the
applied bias and the amplitude output, the parameter (ee0kd) is calculated
to be �0:84� 10�3, and the constant k is further calculated to be
�0.36 F/m2. We notice that the amplitude output of the scanning
TENG reached 24.25mV, though the applied tip bias is 0. This is the
background signal in the system, and its phase is opposite to that of
the first harmonic of the induced current, so that the constant k is neg-
ative. The background signal does not affect the accuracy of the cali-
bration, since that only the slop of the line is concerned.

After the calibration, scanning TENG was used to measure the
charge density on the dielectric surface. Adjacent positive and negative
charges were first injected into the Kapton sample surface by rubbing
it with a biased pure Pt tip (þ10V for positive charges and �10V for
negative charges) in contact mode with 10lm scan size. Then, the
equipment was operated in scanning TENG mode to map the induced
current amplitude on the charged region and the scan size was 20lm
and scan rate was 0.5Hz. Figure 3(a) shows the mapping of the ampli-
tude output, in which the background signal is subtracted. It can be
seen that positive charges on the Kapton surface increased the ampli-
tude output of the scanning TENG (left side) and the negative charges
decreased the amplitude output (right side). Figure 3(b) gives the pro-
file of the cross section in Fig. 3(a), in which the change of amplitude
output (DAc) induced by the surface charges reached about 61.6mV.

FIG. 2. Bias effect on the amplitude output of scanning TENG mode. (a) The map-
ping of the amplitude output on the Kapton surface in scanning TENG mode with
different applied bias on the tip. (b) The linear relationship between the amplitude
output and the tip bias.
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According to Eq. (9), the contribution of the transferred surface charge
density on the amplitude output change (DAc) can be expressed as
follows:

Dr ¼ �kDAc: (10)

In Eq. (10), both the constant k and the amplitude change (DAc)
are known, the transferred surface charge density on the Kapton sur-
face, which is generated by rubbing with the biased Pt tip, is calculated
to be about 6576 lC/m2.

The scanning TENG was further used to measure the transferred
charge density on the Kapton surfaces, which were rubbed by a pure
Pt tip with different tip biases various from �10V to þ10V. In the
scanning TENG mappings as shown in Fig. 3(c), it is shown that a
higher tip bias during rubbing will induce a larger current amplitude
output change. Based on Eq. (10), the relation between the tip bias and
the transferred surface charge density between the tip and Kapton
sample is obtained as shown in Fig. 3(d). It is obvious that a higher tip

bias induced a higher surface charge density, which is consistent with
previous studies. These results suggest that scanning TENG can be
used to measure the surface charge density of a dielectric material.

In order to further check the theoretical model for scanning
TENG, the effect of the tip lift height (h) and tapping amplitude (A0)
on the scanning TENG output (DAc) was investigated. The negative
charges were first injected into Kapton surface by rubbing with a
�10V biased Pt tip, and then, the scanning TENG mode was used to
scan the charged surface with different parameter settings. Figure 4(a)
shows the effect of lift height on the mapping of the scanning TENG,
when the tapping amplitude was kept equal to the lift height. It is
found that the change of induced current amplitude remained almost
unchanged when the tapping amplitude equal to the lift height, though
they varied from 20nm to 180nm. If the tip tapping amplitude is kept
at 100 nm, and the lift height vary from 100nm to 200nm, the change
of the induced current amplitude will decrease, as shown in Fig. 4(b).
This is because that the electrostatic interaction between the tip and
the surface charges decreases when the distance between the tip
and dielectric surface increases. We put the experiment parameters
(h and A0) into Eq. (7), and it is found that the change of constant k is
limited if the tapping amplitude equal to the lift height. If the tip tap-
ping amplitude is kept at a constant value, the constant k will increase
in value with the increasing of the lift height, resulting in a decrease in

FIG. 3. Measurement of surface charge density by using scanning TENG mode.
(a) The amplitude mapping in scanning TENG mode, which is induced by the posi-
tive and negative charges on the Kapton surface. (b) The profile of the mapping in
(a). (c) The scanning TENG mappings of the Kapton surfaces, on which the
charges are injected by a conductive tip with different biases various from �10 V to
þ10 V. (d) The relation between the tip bias in contact-electrification and the trans-
ferred charge density on the Kapton surface, which is measured by using the scan-
ning TENG.

FIG. 4. The effect of the tip lift height on the scanning TENG measurements, (a)
when the tapping amplitude is equal to the light height and (b) when the tapping
amplitude remain constant.
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the induced current amplitude. It means that the experiment data are
consistent with the theoretical model for scanning TENG.

As a comparison, adjacent positive and negative charges on
Kapton surface, which was generated by rubbing with a biased con-
ductive tip (þ10V and�10V), was also measured by using KPFM. In
the KPFMmode, a Pt coated tip was used, and the mapping of the sur-
face potential is shown in supplementary material Fig. 1(a), in which
the background signal is also subtracted. The surface potential of the
Kapton sample became more positive due to the positive charges on
the surface, and it became more negative due to the negative charges
on the surface, as expected. The profile in supplementary material
Fig. 1(b) shows that the change of surface potential induced by the
surface charges reached about 62.2V. According to Eq. (11),18,19 the
surface charge density measured by KPFM mode is calculated to be
6584 lC/m2, which is very close to the value measured by using scan-
ning TENG mode, as shown in Figs. 3(a) and 3(b). The difference
between them is less than 1.4%.

Dr ¼ ee0DV
d

: (11)

It turns out that both KPFM and scanning TENG can be used
to measure the surface charge density, but they work on different
principles. Comparing to KPFM mode, AC bias or DC bias
between tip and sample is not required in scanning TENG mode,
thus avoiding some potential effects of the biases on the sample.
More importantly, the scanning TENG works in exactly the same
way as the contact-separation mode TENG. The output of the
scanning TENG is the amplitude of the induced AC, which is
highly concerned in the studies about the energy harvesting by
using TENG. Therefore, the scanning TENG can not only be
used to measure the transferred charge density in contact-
electrification, but also provides a method for analyzing the
current output of the TENG. Based on the scanning TENG, the
structure of the TENG, such as the thickness of the dielectric layer,
distance between the electrode and the dielectric surface, vibration
amplitude of the electrode, can be optimized. Also, triboelectric
properties of the dielectric materials for TENG can be character-
ized at nanoscale.

In summary, inspired by the contact-separation mode TENG,
the scanning TENG was invented to measure the charge density on
dielectric surfaces at nanoscale. The AC output of the scanning TENG
was analyzed by using Fourier transform. The calculations show that
the amplitude of the first harmonic of the induced AC between the tip
and the bottom electrode is linearly related to the surface charge den-
sity of the dielectric sample. Further, the scanning TENG was estab-
lished based on a commercial AFM equipment. The effect of
difference parameters on the scanning TENG measurement was dis-
cussed. Comparing to the KPFM mode, there is no AC or DC bias
between the conductive tip and the bottom electrode in the scanning

TENG mode, and the scanning TENG has more implications in the
studies about the TENG.

See the supplementary material for the results of the KPFM mea-
surement and the details of the calculations.
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