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Abstract

Contact electrification (CE) has been known for over 25 centuries, but the origin of the CE
remains mysterious. Recent theoretical studies suggest that flexoelectricity may drive the CE,
but experimental evidence is lacking. Here, the CE between a nanoscale tip and flat polymers is
studied by using atomic force microscopy. The contributions of flexoelectricity to the CE are
analyzed. We focus on the effect of the load, which is coupled to the strain gradient at the
contact region. It is revealed that the flexoelectric polarization in general polymers can drive
electron transfer, and even reverse the intrinsic polarity of electron transfer in the CE. It implies
that the flexoelectricity is one of the driving forces for the CE. The flexoelectricity induced
electric field is measured by applying a voltage between the tip and the sample, which
counteracts the flexocoupling voltage. Further, a band structure model is proposed, in which the
surface states of the solid are suggested to be shifted by the flexoelectric polarization.
Supplementary material for this article is available online
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1. Introduction

transit from the high energy level surface states of one side to
the comparatively low energy level surface states of the other
side at the interface, which implies that the energy difference
between the surface states belonging to two surfaces is the
thermodynamic driving force for electron transfer in the CE
[8–12]. Very recently, it was proposed theoretically that flexoelectricity may also drive the CE [13, 14], but there is still a
lack of experimental evidence to support the suggestion.
Elastic deformation may occur when the materials come
into contact. For piezoelectric materials, polarization will be
induced by elastic deformation, and it is linearly coupled with
the strain. Further, the polarization may provide the driving
force for the transition of electrons. For more general cases,
the flexoelectric effect that can occur in all insulators may be a
driving force, in which the polarization is induced by the strain

Contact electrification (CE) is one of the most mysterious
physical phenomena, which has been known for over 25 centuries, but its mechanism is still not fully understood [1]. The
controversy about the CE revolved around the identity of the
charge carrier for decades, arguing on electron [2, 3], ion [4]
or charged material fragment transfer [5–7]. Now the driving force of the charge transfer attracts more and more attention. Several works about the thermionic emission and photon
excitation in the CE, which support the electron transfer, have
been reported. In the electron transfer theory, the electrons
∗
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gradient instead of the strain itself [15, 16]. A problem is that
the flexoelectric polarization seems to be much weaker than
the piezoelectric polarization at large sizes, so it was neglected
in the study of CE for a long time, while it is demonstrated
that flexoelectric polarization is strong enough to modulate the
electrical transport property at a Schottky junction, so called
the flexoelectronic effect [17]. And recent calculations suggest
that the flexoelectric polarization can induce over 10 V surface
potential differences at nanoscale, which is sufficient to result in the CE [13]. This theoretical finding, which remains to
be proved experimentally, and the studies about the flexoelectronic effect raise some questions. Can flexoelectricity really
drive the electron transfer between two solids? Is flexoelectricity at the origin of the CE? Does the flexoelectric effect in
the CE contradicts the surface states theory? These questions
can now be answered by using the atomic force microscopy
(AFM), which has been proved to be an ideal method to study
the flexoelectric effect and the CE [17–19].
In this paper, the CE between the tips and different materials is performed at nanoscale. The surface charge transfer is
recorded by using Kelvin probe force microscopy (KPFM)
[20–22]. We focus on the effects of the sliding load on the CE.
And the contributions of flexoelectricity to the CE are analyzed. It is suggested that the flexoelectricity can drive electron transfer, and even reverse the intrinsic polarity of electron
transfer in the CE between two solids. Furthermore, a band
structure model is proposed to describe the flexoelectric effects
on the CE, in which the surface states of the solid is shifted
by the polarization induced by flexoelectricity. The effect of
flexoelectricity on the CE provides a new idea for the material
design in the applications of triboelectric nanogenerators.

operated in peakforce tapping mode to contact the polymer
surfaces point by point [21], generating contact transferred
charges on the polymer surfaces. And the transferred charge
density was further recorded by using KPFM [22–24]. (The
method of measuring surface charge density using KPFM has
been introduced in previous works.) [25] In the peakforce tapping mode, the tip first approaches the sample surface and then
withdraws from the surface when the contact force reaches a
peakforce, as shown in figure 1(b). Therefore, the lateral forces
between the tip and the samples, and the shear effects in the
CE can be avoid.
The results of the contact force effects on the CE between
the Pt coated tip and the polymers are shown in figures 1(c)–
(f). For PMMA, it received negative charges from the Pt coated
tip when the contact force was 0.5 nN (figure 1(c)). The transferred charges on the PMMA surface became more positive
with the increasing of the contact force, and they reversed from
negative to positive when the contact force reached 10 nN.
This result is consistent with the expected flexoelectric effect
in the CE. The PMMA sample became more likely to receive
positive charges in the contact, suggesting the positive flexoelectric coefficient of PMMA and the downward flexoelectric
polarization. The CE between Pt coated tip and PC sample
also support the flexoelectric effect in the CE, and the flexoelectric coefficient of PC is also positive. The transferred
negative charges on the PC increased when the contact force
was increased from 0.5 nN to 10 nN. This may be caused
by the increasing of the contact area between the tip and the
PC sample. As the contact force continued to increase, the
transferred charges from the tip to the PC surface eventually
reversed from negative to positive. It should be noticed that the
intensity of the flexoelectric polarization in different polymers
can be very different under the same contact force, due to the
different material flexoelectric coefficient and elastic modulus.
So that a higher contact force is required for the polarity reversion of transferred charges in the CE between the Pt coated tip
and the PC sample, comparing to that between the tip and the
PMMA sample. Also, the intrinsic triboelectric properties of
the materials may play a dominate role in some cases, and the
flexoelectric coefficient of the materials may be negative. As
shown in figures 1(e) and (f), the transferred negative charges
from the Pt coated tip to the PDAP and the PBAC sample surfaces increased monotonically with the contact force, which
may be caused by the negative flexoelectric coefficient or the
increasing of the contact area when the contact force various
from 0.5 nN to 40 nN.
In order to further verify the flexoelectric effect in the CE,
the contact force between the Pt coated tip and the polymer
samples was increased to 100 nN for generating a stronger
flexoelectric polarization, and the results are shown in figure 2.
For the CE between the tip and the PMMA/PC (the black
data in figures 2(a) and (b)), the transferred positive charges
on the sample surface continued to increase monotonically as
the contact force increased. It is easy to understand these results, since that the increasing of the contact force will lead
to an increase in the intensity of the downward flexoelectric polarization (for positive flexoelectric coefficient materials) and make the sample more likely to receive positive

2. Results and discussion
We use a nanoscale Pt coated tip (tip radius 25 nm) to contact
the non-piezoelectric polymer film (100 nm thickness) surfaces, including polymethyl methacrylate (PMMA), polycarbonate (PC), poly(diallyl phthalate) (PDAP), poly(bisphenol
A carbonate) (PBAC), under different contact forces. When
the nanoscale Pt coated tip contacts the flat polymer surfaces,
the flexoelectric polarization can be very large locally due
to the size scaling of the strain gradients and the low elastic
modulus of the polymers. The force curve tests show that the
indentation depth in the contact between the Pt tip and the
samples with 100 nN contact force is very limited (much less
than 1 nm), moreover, the trace and retrace force-separation
curves fit very well, implying no plastic deformation of the
sample under 100 nN, which suggests that the contact between
the tip and the sample is a Hertzian contact (figure S1 (available online at stacks.iop.org/JPhysD/55/315502/mmedia)). As
shown in figure 1(a), the direction of the polarization induced
by the strain gradient was demonstrated to be downward when
a tip contacts a flat surface (when the flexoelectric coefficient
of the material is positive) [20]. The downward polarization
will make the polymer surface to be negative charges redundant and more likely to donate electrons and become positive
charged in the CE. In the experiments, the Pt coated tip was
2
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Figure 1. The flexoelectric effect in the CE. (a) The schematic of the flexoelectric polarization at the interface between the Pt coated tip and

the samples. (b) The force curve of the tip in the peakforce tapping mode. The effect of contact force on the CE between a Pt coated tip and
the (c) PMMA, (d) PC, (e) PDAP and (f) PBAC samples, when the contact force various from 0.5 nN to 40 nN.

charges. On the other hand, the increase in contact force
leads to an increase in the contact area between the tip and
the samples, which also result in the increase of the transferred positive charges on the sample surfaces. For the CE
between the tip and the PDAP/PBAC samples (the black data
in figures 2(c) and (d)), the polymer samples received negative charges even though the contact force increased to 100 nN.
Different from the effect of the contact force on the transferred positive charges on the PMMA and PC surfaces, the
transferred negative charges on the PDAP and PBAC surfaces

in the CE increased first and then decreased when the contact force reached 70 nN. These results suggest that the flexoelectric coefficients of the PDAP and PBAC samples are also
positive. Because if their flexoelectric coefficients are negative, it is conceivable that the flexoelectric effect would make
them more likely to be negatively charged, so that the negative charges on the sample surface should increase monotonically as the load increases, rather than decrease when the
contact force reached 70 nN. The results can be successfully
explained if the flexoelectric coefficients of the PDAP and
3
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Figure 2. The effect of contact force on the transferred charges from a Pt coated tip to the polymer samples. The effect of contact force on

the amount of transferred charges (a) from a Pt coated tip and a −4 V biased Pt coated tip to the PMMA surface, (b) from a Pt coated tip and
a −2.6 V biased Pt coated tip to the PC surface, (c) from a Pt coated tip and a 3.2 V biased Pt coated tip to the PC surface and (d) from a Pt
coated tip and a 2.6 V biased Pt coated tip to the PC surface, when the contact force various from 10 nN to 100 nN.

PBAC sample are positive. The PDAP and PBAC samples
intrinsically received negative charges in the contact with Pt
coated tip. When the contact force increased, the contact area
between the tip and the samples increased and resulted in the
increasing of the transferred negative charges on the sample
surfaces. However, the effect of flexoelectric polarization in
the CE, which makes the samples more likely to receive positive charges since their flexoelectric coefficient is positive, started to play a dominate role in the competition with the effect
of contact area when the contact force was high enough, and
the transferred negative charges from tip side to the sample
surfaces started to decrease.
In order to ensure that the difference in the effects of contact force on the positive and negative charge transfer behavior
was caused by the flexoelectric effect in the CE rather than the
difference in other properties of the materials, we applied a
negative bias voltage to the tip to force the PMMA and PC
samples to receive negative charges in the CE, and the results are shown in figures 2(a) and (b) (red data). It can be seen
that the transferred negative charges from the tip to the PMMA

and PC sample increased first and then decreased, instead of
increasing monotonically as the contact force increased, which
implies the competition of the flexoelectric effect and effect
of contact area in the CE, as that occurs in the CE between
the Pt coated tip and PDAP/PBAC. When the positive bias
voltage was applied to the Pt coated tip to force the PDAP
and PBAC to receive positive charges in the CE, the positive charges increased monotonically with the increasing of the
contact force as expected. All these results support that the
flexoelectricity can drive the electron transfer in the CE.
The flexoelectric effect in CE provides an idea for measuring the flexoelectric polarization induced electric field. As
shown in figure 3(a), the effect of the downward flexoelectric polarization in the CE between the tip and the sample can
be counteracted by applying an upward electric field between
the tip and the bottom electrode. If a higher contact force is
loaded, a stronger upward electric field is required to counteract the flexoelectric polarization, as shown in figure 3(b).
Here, we applied a negative bias voltage to the tip in the CE
between the tip and PMMA/PC to counteract the transfer of
4
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Figure 3. Measuring the flexoelectricity induced electric field by applying a tip bias. (a) The effect of flexoelectric polarization on the CE

can be counteracted by the electric field between the tip and bottom electrode. (b) A higher contact force will induce a larger flexoelectric
polarization and a larger electric field between the tip and bottom electrode is required to counteract the effect of flexoelectric polarization
on the CE. Finding a tip bias to counteract the charge transfer from Pt coated tip to the (c) PMMA, (d) PC, (e) PDAP and (f) PBAC samples,
under different contact force.

positive charges from the tip to the samples under different
contact forces, as shown in figures 3(c) and (d). It is noticed
that a −1.8/−1.4 V tip bias was enough to counteract the
charge transfer between the tip and the PMMA/PC when the
contact force is 40 nN. When the contact force increased to

100 nN, the intensity of the downward flexoelectric polarization increased and a higher negative tip bias (−2.8/−2.4 V)
was required to counteract the charge transfer. The thickness
of the polymer films is 100 nm in the experiments, so that the
increase of the flexoelectricity induced electric field in PMMA
5
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Figure 4. The band structure model of the flexoelectric effect in the contact electrification. The band diagram of two different insulating

dielectrics (a) before contact, (b) in contact symmetrically and (c) asymmetrically. The band diagram of two identical dielectrics (d) before
contact, (e) in contact symmetrically and (f) asymmetrically. (Ec is the bottom of the conductive band, Ev is the top of valence band, Efa and
Efb is the highest energy level of the surface states of the dielectric A and dielectric B, En is the neutral level of the system after contact.).

and PC surfaces was about 1 × 109 V m−1 when the contact force increased from 40 nN to 100 nN. PDAP and PBAC
films intrinsically receive negative charges in the contact with
Pt coated tip, therefore, a positive tip bias was applied to counteract the charge transfer, as shown in figures 3(e) and (f).
When the contact force was 40 nN, the tip biases to counteract the transfer of negative charges from tip to the PDAP
and PBAC surfaces were 2.8 V and 2 V, respectively. When
the contact force increased to 100 nN, the increased downward flexoelectric polarization made the films more likely to
receive positive charges, so that the tip biases to counteract the
transfer of negative charges from tip to the PDAP and PBAC
surfaces decreased to 2.1 V and 1.4 V, and the increase of the
flexoelectricity induced electric field in PDAP and PBAC surfaces was about 7 × 108 V m−1 and 6 × 108 V m−1 , when
the contact force increased from 40 nN to 100 nN, respectively. These results are consistent with the previous theoretical studies, in which the flexoelectricity induced electric field
magnitude is calculated to be on the order of 108 –109 V m−1
for all materials [13]. And the flexoelectricity induced electric

field in PDAP and PBAC surface was found to smaller than
that in PMMA and PC when they contact with the tip under
a same contact force. So that it makes sense that the polarity
reversion of the transferred charges in the CE between the tip
and PDAP and PBAC did not occur.
The experiments suggest that the flexoelectric polarization
can provide a driving force for electron transfer in the CE.
But it is unlikely to be the only driving force for electron
transfer nor even the origin of the CE, since that the PDAP
and PBAC received negative charges in the contact with the
Pt coated tip, though the downward flexoelectric polarization
was generated. Hence, we believe that the difference in surface states, which has been demonstrated to play an important role in CE [8–12], provide the intrinsic driving force for
the electron transfer. Flexoelectricity affect the CE by shifting
the energy level of the surface states. As shown in figure 4(a),
we assume that the highest energy level of the surface states
of the dielectric A (Efa ) is lower than that of the dielectric
B (Efb ). When they come into symmetrically contact, the electrons will transfer from the B side to the A side to establish
6
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thermodynamic equilibrium and the neutral level of the system is En (figure 4(b)). The transferred charge density can be
calculated by [1]
ˆEn
σ = −e

ˆEfb
Na (E) dE = −e Nb (E) dE

Efa

at nanoscale on the surface always introduce asymmetric contact in the CE, the strain gradient and flexoelectric polarization
can be generated. Further, the surface states of the materials
will be shifted, and result in the electron transfer, as shown
in figure 4(f).
In summary, the flexoelectric effects in the CE was investigated at nanoscale by using AFM and KPFM. The transferred
charges between the tip and the samples were found to be
affected by the contact force. The results suggest that the polarization induced by the strain gradient in polymers (flexoelectricity) can shift the surface states energy level of the materials,
drive the electron transfer, further even reverse the polarity of
the electron transfer between two solids. Based on the flexoelectric effects in the CE, a method was designed to measure
the flexoelectric polarization induced electric field by applying a tip bias in the CE. Furthermore, A surface states theory
considering the flexoelectricity in the CE is proposed based on
the observations. The findings in this paper provide evidence
for the electron transfer in the CE and an explanation for the
CE between two identical materials and the generation of the
mosaic effect.

(1)

En

where σ denotes the transferred charge density on dielectric A surface, e is the electron charge and Na (E), Nb (E)
is the surface states density of dielectric A, dielectric B at
energy level E.
If they contact asymmetrically, such as the contact between
a flat surface (dielectric A) and a tip (dielectric B), the strain
gradient can be generated on the dielectric A side and the
flexoelectricity induced electric field is approximately linearly
coupled with the strain gradient [13],
Eflexo−z = −α

∂∈
∂z

(2)

where Eflexo−z is the electric field induced by flexoelectricity
normal to the interface, α is a proportionality constant, ∈
denotes the strain and z is the normal component displacement.
The electric field will shift the surface states level of the
dielectric A to a higher energy level. We assume that the electrons can flow freely when the distance between two surfaces
is less than the electron tunneling distance (δ) [26], and the
shift of the energy level can be calculated by
∆E = eδEflexo−z = −eδα

∂∈
.
∂z

3. Experimental section
3.1. Sample preparation

The PC, PBAC, PDAP were deposited on high doped Si
by magnetron sputtering under room temperature. The target
materials were purchased from a commercial company (China
New Metal, China). The sputter equipment was Discover635
(Denton, USA). The power used in magnetron sputtering was
100 W, duration time was 90 min, substrate temperature was
room temperature, base pressure was 5 × 10−6 torr, the gas
used here was Ar and the flow rate of Ar was 40 sccm. The
doping concentration of the substrate Si was >1020 cm−3 .
The PMMA was prepared by spinning coating. The PMMA
powder (Aladdin, China) was first dissolved in dichloromethane, and then the dichloromethane solution of PMMA (1% wt)
is spun on the Si wafer surface with a rotary coater at 3500 rpm
for 30 s. The thickness of the polymer films was about 100 nm.
After the samples were produced, they were immediately
put into a glove box filled with nitrogen, and all the experiments were performed in the glove box to avoid the effect of
adsorbate species.

(3)

Therefore, the flexoelectric polarization will make the dielectric A more likely to donate electrons, and the transferred
charge density can be calculated by
ˆEn
σ = −e
Efa −eδα ∂∈
∂z

ˆEfb
Na (E) dE = −e Nb (E) dE.

(4)

En

If the strain gradient is strong enough (Efa − eδα ∂∈
∂ z > Efb ),
the polarity of the electron transfer will reverse to be from the
dielectric A side to the dielectric B side (figure 4(c)) [13], just
like that occurs in our experiments.
The reversion of the polarity of charge transfer induced by
flexoelectricity may lead to the bipolar charge transfer in the
CE (or named mosaic effect) [7, 27–29]. When two solids
contact with each other, the asperities on the surfaces will
presses into another surface at the interface, and induce varying degrees of flexoelectric polarization. And the flexoelectric polarization may or may not reverse the polarity of charge
transfer and generate both positive and negative charges at
nanoscale. Moreover, the flexoelectricity may be responsible
for the CE between identical materials. Figure 4(d) shows the
surface states of two identical materials. When they contact
with each other symmetrically, there will be no electron transfer, as shown in figure 4(e). In a real contact, the asperities

3.2. AFM experiments

The experiments were performed on a commercial AFM
equipment Dimension Icon (Bruker, USA) in a glove box filled
with nitrogen. SCM-PIT (Bruker, USA; body material: Si;
coating: Pt/Ir; resonant frequency: 75 kHz; spring constant:
3 N m−1 ; tip radius: 25 nm) was used as the Pt coated tip in
the charging experiments and surface potential measurement.
The charging and potential measuring experiments were performed in two steps. In order to avoid the effect on lateral
forces between the tip and the samples, and the shear effects
in the CE, the charge experiments were performed in peakforce tapping mode, in which the tip is controlled to contact
7
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the sample surface point by point with a certain contact force
(first step). In peakforce tapping scanning, the scan size was
set to 5 µm, and the number of the contact points was set to
128 × 128. The distance between two contact points was calculated to be about 39 nm, which is even larger than the tip
radius, therefore, the overlapping of the contact area can be
avoid in the charging experiments. After the CE, the surface
potential of the contact region was measured by using KPFM
mode, in which the topography of the sample was measure by
tapping mode in the first pass, and the surface potential was
measured in the second pass (second step). In contact mode,
the scan size was 5 µm with 1 Hz scan rate. In the KPFM mode,
the scan size was 10 mm, lift height in the second pass was
50 nm and amplitude setpoint was set to 350 mV in the KPFM
measurements. Based on the surface potential, the transferred
surface charge density can be calculated. The time interval
between the CE and KPFM measurements is about 30 s, and
took about 2 min to get a KPFM figure.
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