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ABSTRACT: Triboelectricity has been known since antiquity, but the fundamental science underlying this phenomenon lacks
consensus. We present a flexoelectric model for triboelectricity where contact deformation induced band bending at the nanoscale is
the driving force for charge transfer. This framework is combined with first-principles and finite element calculations to explore
charge transfer implications for different contact geometry and materials combinations. We demonstrate that our ab initio based
formulation is compatible with existing empirical models and experimental observations including charge transfer between similar
materials and size/pressure dependencies associated with triboelectricity.
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Triboelectricity, the charge transfer associated with
contacting and rubbing two materials, has been known

for at least 25 centuries.1,2 It can be a boon or a bane in
industries3 ranging from xerography4 to pharmaceuticals5 and
is thought to play a critical role in many processes such as dust
storms6 and planetary formation.7 To date, a consensus on the
fundamental science of triboelectricity including the driving
force and transferred charged species has proven elusive. For
metal-on-metal contact, charging is generally accepted to be in
part associated with electron transfer driven by contact
potential differences.8 The literature is less clear for metal-
on-insulator and insulator-on-insulator contacts, with experi-
ments suggesting a variety of charged species1−3,9 and models
invoking several mechanisms such as temperature differences10

and trapped charges.11,12

As demonstrated first by Bowden and Tabor,13 friction and
wear at the nanoscale are due to adhesion between as well as
elastic deformation of nanoscale asperities. The macroscopic
friction one observes is due to the variations in the statistical
number of nanoscale contacts with load, not a fundamental
materials property. Asperities have been considered in
triboelectricity; for instance, Volta and Helmholtz14−16

hypothesized that the role of rubbing in tribocharging was to
increase the number of contact points between two materials,
while Harper in 1967 in his classic monograph17 stressed the
importance of considering asperity contact, arguing that
somehow they played a major role. Similar to friction,

macroscopic charging will be a statistical average over local
charge mosaics.18 It has also been shown that macroscopic
deformations play an important role in triboelectricity (first in
1910 when bending was found to dictate the direction of
charge transfer19 with further work over the next cen-
tury20−23). Until recently there has been no model to explain
the link between such deformations and triboelectricity based
upon ab initio quantum mechanics.
We recently analyzed these deformations using flexoelec-

tricity,24 the electromechanical coupling between polarization
and strain gradient present in all insulators.25 In that work we
demonstrated that elastic strain fields at contacting asperities
generate potential differences via the flexoelectric effect that
are large enough to drive charge transfer for typical rubbing or
contact conditions. Our model was found to be consistent with
many experimental observations including charge mosaics,18

bipolar charging during stick−slip,26 and curvature depend-
ences,27 with no adjustable parameters beyond material
properties, and an independent expansion of this model to
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randomly rough surfaces has also shown good agreement with
experiment.28

While the simplifying assumptions made in ref 22 were
sufficient to address the basic physics of triboelectricity and
make qualitative comparisons with experiments, they are
inadequate for quantitative analysis and do not explain several
known phenomena. First, only the effects of the electric field
component normal to the contact interface were considered,
which must be revised to calculate quantitative band bending
profiles. Second, Hertz theory was assumed which would lead
to no tribocharging between chemically identical materials, in
conflict with experimental results. Third, the work in ref 22 was
not rooted in band structure theory, so it could not rigorously
explain the work function dependency of tribocharging in
insulators29,30 or the role of trap states.11,12 Additionally, it
could not explain the change in the sign and magnitude of
charge transfer with pressure16,31 as well as some other
experimental results.
In this letter, we extend and generalize the flexoelectric

model for triboelectric charging by including the specifics of
band bending. We show that flexoelectricity-driven band
bending during nanoscale contact between different/like
materials is a mechanical analogue of traditional band bending
in hetero/homojunctions in semiconductor devices; transfer of
charge during contact can be thought of as a contact-driven
diode. Our findings are consistent with existing empirical
models involving trap states, contact potentials, and ion
transfer, but now these dependencies arise naturally from an ab
initio based formulation of the problem. Of particular
importance, the results indicate charge transfer between two
materials in contact can act as either a conventional or a
Zener/breakdown diode depending upon both the material
and the magnitude of the contact force. This explains
variations in both the sign and the magnitude of charge
transfer with force, a key experimental observation which to
our knowledge has been unexplained.
As illustrated in Figure 1, elastic deformations induce band

bending around a contact point. A description of such
electronic structure changes (within the Schottky−Mott limit
of no charge transfer32,33) corresponds to determining the
spatial variation of the conduction band (CB) and valence
band (VB) edges in each contacting body with deformation. In
a centrosymmetric insulator subjected to an inhomogeneous
strain, the change in the energy of a band feature Ei referenced
to vacuum Evac is

r r r rE E V D( ( ) ( )) ( ) ( ) ( )i vac FxE iφΔ − = Δ ̅ + + ϵ (1)

The first term ΔV̅FxE(r) corresponds to the change in the
average Coulomb potential arising from strain gradients via the
bulk flexoelectric effect. Other electromechanical couplings are
not considered because piezoelectricity is a bulk property only
in a subset of materials34 and known to be insufficient to
explain triboelectricity,1 whereas flexoelectricity is important at
the nanometer length scales relevant to asperity contact due to
the intrinsic size-dependence of strain gradients.25 ΔV̅FxE(r) in
eq 1 is given by

r r
P r r r

r r
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where V̅(r) is the average Coulomb potential at point r in the
deformed body referenced to V̅0, the average Coulomb
potential sufficiently far from the contact point, ε0 is the
permittivity of free space, χ is the dielectric susceptibility, and
PFxE(r′) is the flexoelectric polarization at point r′. The second
term φ gives the shift in the average Coulomb potential with
respect to vacuum (also known as the mean-inner potential)
induced by strain ϵ.

V Ed( )
d

vacφ = ̅ −
ϵ (3)

This term enables a direct comparison between different
materials by introducing an absolute energy reference and
implicitly includes “surface” flexoelectric effects;35,36 see ref 36
for a more comprehensive analysis of this including the effects
of different surface structures. The third term Di(r) describes
the relative deformation potential, i.e., the local change in
energy of a band feature relative to the average Coulomb
potential from strain.37,38

D
E Vd( )

di
i=

− ̅
ϵ (4)

The relative offset between two materials, A and B, in contact
can be found by combining eq 1 for each material with their
work function difference (Δϕ) according to

r r r rE E E E( ( ) ( )) ( ( ) ( ))VBM
A

vac
A

VBM
B

vac
B ϕΔ − = Δ − + Δ

(5)

Here, the valence band maximum is the relevant band feature
owing to the definition of the work function.
To explore the implications of eq 1 for specific cases, we

make three simplifications. First, we consider contact geo-
metries with axial symmetry between cubic materials so the

Figure 1. (a) Schematic of sphere-on-flat contact depicting elastic deformation fields emanating from the contact point and adsorbed species on the
surface. (b) Elastic deformations induce an additional contact potential term through flexoelectric couplings. Depending on the materials,
geometry, and extent of deformation, contact-induced band bending can drive the occupation of trap states, bulk charge transfer, or the adsorption
of charged species.
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flexoelectric polarization only depends on three bulk flexo-
electric coefficients. Second, we only treat volumetric strain
effects in eqs 3 and 4 as shear tends to split, not shift, energy
levels.39 Third, elastic contact is assumed, which is likely a
lower bound on flexoelectric contributions to triboelectricity:
plastic deformation would have additional contributions from
point,40 line,41 and planar42 defects which are known to
enhance a flexoelectric response. Materials parameters for eq 1
are calculated with density functional theory (Supporting
Information), but these values could readily come from
experiments. Deformation fields are determined from finite
element calculations (Supporting Information) to avoid errors
associated with analytic approximations (e.g., Hertz theory43

incorrectly predicts identical deformations for contact between
chemically identical bodies with different curvatures, Support-
ing Information). For demonstrative purposes, in this work we
use SrTiO3 and Si to provide concrete examples of the above
framework.
Figure 2 compares the relative strengths of the three terms in

eq 1 for the CB minimum in a flat SrTiO3 sample deformed by
a sphere with a contact pressure of 8 GPa. The deformation
potential and mean-inner potential terms are largest near the
contact point, decay rapidly with distance, and mostly cancel
for the pressures and geometry considered here (although this
is material dependent). In contrast, the flexoelectric term is
concentrated near the contact radius but remains significant
throughout the contact volume. The net effect is inhomoge-
neous band bending of ∼±1 V within the vicinity of the
contact area, even for soft contact involving materials with
modest flexoelectric properties such as SrTiO3. The magnitude
of band bending within the contact radius will monotonically
increase with contact pressure (Supporting Information).
We now utilize the band bending framework developed

above to construct interfacial band diagrams for sphere-on-flat
contact and analyze the implications for electron charge
transfer. (Contact induced band bending implications for ion
transfer are discussed in the Supporting Information.) First, we
analyze contact between dissimilar materials using a Si sphere
and SrTiO3 flat as an example. Plots of band bending at

constant pressure and different radial distances from the
contact point are shown in Figure 3 and at different contact

pressures at a fixed radial distance in Figure 4. Spatially
inhomogeneous band bending is observed in both bodies with
the largest band bending occurring in the vicinity of the
contact radius. The spatial evolution of the band bending
depends sensitively on the flexoelectric coefficients; for
example, there are qualitative differences in the band bending
profiles of Si and SrTiO3 because Si has larger shear
contributions than SrTiO3 (Supporting Information).
Traditional contact potential theory used to describe metal-

on-metal tribocharging8 is often deemed inapplicable to
insulators because band gaps present too large an energy
barrier for charge transfer.9,14,44 Our model generalizes the
theory of contact potential differences, reproducing the well-
documented result that work function differences alone are
insufficient to explain charge transfer in insulators, while
demonstrating that band bending from elastic deformations
lowers the energy barrier for transferring charge from one

Figure 2. (a) Schematic of sphere-on-flat contact with coordinate system definition. (b) Change in the average Coulomb potential owing to

flexoelectricity (ΔV̅FxE), the average Coulomb potential relative to vacuum (φΔΩ
Ω ), and the conduction band minimum relative to the average

Coulomb potential (DCB
ΔΩ
Ω ) in flat SrTiO3 contacted by a sphere with a contact pressure of 8 GPa. Distances are normalized by the indenter radius

R.

Figure 3. Sphere-on-flat contact band diagrams for a Si sphere
(orange) on a SrTiO3 flat (blue). (a)−(c) show the conduction and
valence band edges as a function of depth (normalized by the indenter
radius R) at different radial distances (in units of the contact radius a)
from the contact point as defined in Figure 2a with a contact pressure
of 6 GPa. The unstrained Fermi level of each material is assumed to
be at its band gap center, and zero energy is taken to be the
unstrained SrTiO3 Fermi level.
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insulating body to another. In the limit of no in-gap states, our
model predicts zero charge transfer below a contact pressure
threshold (e.g., Figure 4a) followed by some transfer assuming
states are available (e.g., hole transfer from the SrTiO3 VB to
the Si CB in Figure 4b). Sufficiently hard contact yields direct
transfer between bulk states on different bodies via Zener
tunneling.45 In the example shown in Figure 4c, this
corresponds to electrons tunneling from the VB of SrTiO3
into the CB of Si around the edge of the contact. As mentioned
earlier, reversal of the sign of charge transfer with contact
pressure is well-known experimentally16,31 but until now was
unexplained; in our analysis it is a natural consequence of
Zener tunneling.
In a fully adiabatic limit, the aforementioned charge transfer

would be reversible; however, this limit is rarely realized. In
practice there will always be in-gap states either at defects or at
surfaces that trap charge so that when the two bodies return to
their original configurations after contact, charge within these
states (known as trapped charge and trap states, respectively)
remains, leaving the materials charged. The existence of
trapped charged and its relationship to triboelectricity is
directly supported by triboluminescence experiments,46,47 and
the longevity of charge in trap states is well-documented.48

Trap states have long been suggested to play an important role
in triboelectricity, and some triboelectric models involve the
redistribution of nonequilibrium charge distributions in
localized trap states during contact.11,12 However, the origin
of the nonequilibrium distributions in these models has been
an open question, and experiments suggest there is insufficient
intrinsic trapped charge to explain tribocharging.49 Our work
indicates that nonequilibrium charge distributions are a natural
consequence of contact: band bending arising from contact
deformations reduces the energy difference between trap states
and the Fermi level, providing a driving force for the
occupation of trap states. Though the trap states are inherently
present (e.g., from defects), they will be largely unoccupied in
the absence of deformations because trap states often exist far
from the Fermi level. Consequently, contact deformations may
significantly increase trapped charge densities beyond intrinsic
amounts, providing a possible explanation for the discrepancy
between measurements of intrinsic trapped charge and
transferred charge in triboelectric experiments.49 The under-
lying principle in this model is analogous to increases in
trapped charge densities from applied potentials observed at

semiconductor device interfaces,50 except here trap occupation
is mechanically driven.
Now we turn to sphere-on-flat contact between two SrTiO3

bodies. The identical material case shown in Figure 5 is

important because it models the minimal asymmetry between
two bodies in which one should expect tribocharging10 and is
directly relevant for many cases such as in dust storms.6 We
note that, in the Hertzian limit, band bending during contact
between two chemically identical bodies is symmetric for all
combinations of curvature, so there will be no contact-
deformation-driven charge transfer for two defect-free bodies;
this is a known inadequacy stemming from the approximations
of the Hertzian model, which is briefly recapped in the
Supporting Information. When contact between two bodies is
more generally treated (i.e., lifting the approximations of Hertz
theory), there are subtle but important differences for contact
between two bodies with different curvatures, although the
differences are smaller than for dissimilar materials. Figure 5
shows asymmetric band bending across the contact interface
with the largest differences around the edge of the contact
region, similar to the dissimilar material case in Figure 3. For
the conditions used in this simulation, there would be some
transfer of electrons from the sphere to the flat, assuming states
were available. Like the case involving dissimilar materials, in a
fully adiabatic limit this charge transfer would be reversible, but
with traps present it will not be. This result provides an
explanation for the experimental observation that larger bodies
tend to charge positive with respect to smaller bodies made of
the same material;49 however, our model predicts the direction
of charge transfer is dictated by the relative size of the bodies
and their flexoelectric coefficients. While the asymmetry
between two bodies in contact with different curvatures
made of identical material (Figure 5) is certainly smaller than
the asymmetry between two bodies in contact made of
different materials (Figure 3), the asymmetry in the former
case is still on the order of 0.1 eV, which is significantly larger
than thermal contributions at room temperature (0.025 eV),
making it sufficient to act as a thermodynamic driver for charge
transfer.
For completeness, we note that Figure 5 is strictly for the

smooth limit and does not include additional roughness. To
first order, the curvature will scale as (ζ + 1/R), where ζ is the
roughness distribution (e.g., Gaussian) and R is the particle
radius. Similar problems, albeit in the context of rough surface

Figure 4. Sphere-on-flat contact band diagrams for a Si sphere
(orange) on a SrTiO3 flat (blue). (a)−(c) show the conduction and
valence band edges as a function of depth (normalized by the indenter
radius R) at different contact pressures for a fixed radial distance of
0.6a from the contact point as defined in Figure 2a. The unstrained
Fermi level of each material is assumed to be at its band gap center,
and zero energy is taken to be the unstrained SrTiO3 Fermi level. Figure 5. Sphere-on-flat contact band diagrams for a SrTiO3 sphere

(orange) on a SrTiO3 flat (blue). (a)−(e) show the conduction and
valence band edges as a function of depth (normalized by the indenter
radius R) at different radial distances (in units of the contact radius a)
from the contact point as defined in Figure 2a with a contact pressure
of 8 GPa. The unstrained Fermi level is assumed to be at the band gap
center and taken to be zero energy.
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contacts, have been studied in the tribological literature (e.g.,
refs 51−54 and references therein), and this type of approach
would be needed to apply the model described in this letter to
real materialsissues which we leave for future work.
In ref 22, we argued that nanoscale contact strain gradients,

through flexoelectricity, are a universal driver for tribo-
electricity. Even with the assumptions made in that work, we
were able to establish qualitative connections to a wide range
of experimental triboelectric observations, but some well-
established phenomena were unexplained. Here, we have
solidified the theoretical basis of the hypothesis introduced in
ref 22 by developing connections to ab initio theory and
formally incorporating band structure (e.g., band gaps, band
bending, deformation potentials, mean-inner potential con-
tributions, etc.) into triboelectricity. In the process, we have
explained many previously unexplained observations including
the reversal of the charge transfer sign with pressure and charge
transfer between spheres of identical material with different
radii. Our model builds upon and incorporates older models
(e.g., contact potential theory), explaining the role of materials
parameters empirically known to be important but not the sole
drivers of tribocharging (e.g., work function differences). In
summary, the flexoelectric model for triboelectricity presented
in this letter explains the following on an ab initio basis, with
further expansion in the Supporting Information or already
described:

1. Charge transfer between identical materials;49,55−57 see
also Section S3 and velocity dependence in Section S8.

2. Change in charge transfer sign with pressure;16,31 see
also Section S8

3. Work function as a component but not lone factor
driving triboelectricity;29,30 see also Sections S1 and S8.

4. Temperature dependencies through Fermi−Dirac dis-
tribution;10,58 see also Section S1

5. Impact of the dielectric constant on tribocharging,29,30,59

e.g., Eq 2
6. Role of trap states in electron/hole transfer;11,12,21 see

also Section S8
7. Ion transfer driven by band bending outside the contact

radius;60−63 see also Sections S7 and S8
8. Dielectric breakdown with pressure;64 see also Section

S8
9. Triboluminescence, fractoluminescence, and fractoelec-

trification;46,47,65 see also Section S8

We will stress, perhaps unnecessarily, that this entire
framework is rooted in the established physics of flexoelec-
tricity, band bending, and elasticity, and there are no free
parameters beyond materials parameters (which can be
independently measured or calculated from first-principles).
We have focused on SrTiO3 and Si because they are materials
with well-known properties, but there is a direct scaling for
other materials. For instance, to model a hard material
contacting a semiconducting polymer, one would alter the
elastic constants (Supporting Information Section S5) and
account for the effects of changes in the flexoelectric
coefficients (Supporting Information Section S6). More work
is needed on the latter point, especially in polymeric materials
where the effects of chain lengths, crystallinity, and additives/
fillers on flexoelectric coefficients are currently poorly under-
stood.
That being said, there are aspects we do not specify. For

instance, we do not describe the exact nature of the trap states

because these will vary with material, preparation, and gas
ambient and require careful experimental work. Moving
forward, it is clear that definitive matching of the band
bending we predict and resultant charge transfer requires
triboelectric experiments which control the number, type, and
energy of defect states similar to the level of precision found in
the semiconductor device community. For example, it will be
important to determine the energy and spatial distribution of
trap states, extent of Fermi-level pinning, nature of
chemisorbed species, and/or presence of surface/interfacial
dipoles which will all alter the details of the band bending.
Although it will likely require large, multiscale calculations,
combining these experimental details with the model described
in this letter provides a platform for understanding tribo-
electricity and improving triboelectric applications.
The model and simulations presented in this letter

demonstrate the existence of sizable inhomogeneous band
bending during nanoscale contact owing to flexoelectricity,
grounding the hypothesis of ref 22 in band theory, and provide
a unified, ab initio driver for common charge transfer
mechanisms. Consequences of this model are consistent with
numerous experimental observations, though the detailed
charge transfer mechanisms will be complex and sensitive to
defects, adsorbates, etc. The framework developed here is
amenable to arbitrary materials/geometries and makes sizable
progress toward a priori predictions of triboelectric charge
transfer between insulators.
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