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ABSTRACT: Triboelectricity was recognized millennia ago, but
the fundamental mechanism of charge transfer is still not
understood. We have recently proposed a model where flexo-
electric band bending due to local asperity contacts drives
triboelectric charge transfer in non-metals. While this ab initio
model is consistent with a wide range of observed phenomena, to
date there have been no quantitative analyses of the proposed band
bending. In this work we use a Pt0.8Ir0.2 conductive atomic force
microscope probe to simultaneously deform a Nb-doped SrTiO3
sample and collect current−bias data. The current that one expects
based upon an analysis including the relevant flexoelectric band
bending for a deformed semiconductor quantitively agrees with the
experiments. The analysis indicates a general ratcheting mechanism for triboelectric transfer and strong experimental evidence that
flexoelectric band bending is of fundamental importance for triboelectric contacts.
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Triboelectricity is a phenomenon of importance in areas
ranging from the processing of pharmaceutical pow-

ders,1−3 nanoscale energy harvesting,4−9 and the electrification
of blowing sand, snow, or volcanic plumes10−14 to damaging of
wind turbines,15 combing human hair16,17 and even planetary
formation.18 It occurs whenever two materials rub together or
discrete particles collidethe latter is often called contact or
granular electrification.
The current literature includes older experiments, where

hypotheses such as the “triboelectric series” were shown to be
false,19−24 to recent, specialized work which sometimes misses
the earlier results. It is generally accepted that the triboelectric
effect depends upon transfer of electrons,25−27 ions,28,29 and/
or charged molecular fragments.30 One common idea is that
differences in the work function drive charge transfer, the
Volta−Helmholtz hypothesis.21 As summarized in 1967 by
Harper,24 this fails to explain many experimental observations,
for instance that charging can occur when two pieces of the
same material are rubbed against each other. While work
function differences matter, alone they do not explain
triboelectricity. For many decades the missing terms have
been unknown, despite numerous applications.
We have recently31 argued that the missing term is the

flexoelectric effect, the coupling of strain gradients during
asperity contacts and polarization, and subsequently extended
the analysis to include local band bending.32 To move the field
forward requires rigorously testing the connection between
flexoelectricity and triboelectricity, performing a quantitative
experimental and theoretical analysis of the band bending

during asperity contact including the electromechanical terms
and others such as work function differences and semi-
conductor depletion regions.
Such an analysis has many components, some of which are

already partially understood. An experimental approach was
demonstrated in the early works of Terris et al.33 and Jeffery et
al.,34 which showed that forces applied using a conductive
atomic force microscope (CAFM) probe changed the local
electronic structure. For a metal in contact with a semi-
conductor, in 1953 Vick35 pointed out the importance of
Schottky barriers, while in 1967 Harper24 analyzed the
triboelectric importance of the band bending. There are
potentials created by indentation which have been analyzed for
piezoelectric,36 and more recently flexoelectric31,32,37,38

materials. Other aspects have been analyzed such as the
variation of the effective barrier for an indentation Schottky
diode by Sun et al.38 Other works39−42 have calculated the
flexoelectric polarization or field and noted their importance in
triboelectric contacts; for instance, sliding Schottky energy-
harvesting devices.8,43−46 Despite extensive efforts, no work
has been able to develop a complete theory that quantitatively
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agrees with experiment for the flexoelectric case. (Note that
only a small number of materials are piezoelectric, and for
materials such as quartz, piezoelectricity is not important for
triboelectricity.24) A review of flexoelectric AFM experiments
has recently been published that covers many aspects.47

However, as will become apparent herein, the problem is more
complex than the existing literature analysis with terms such as
the mean inner potential48 omitted.
In this Letter, we develop a detailed band-bending model

that quantitatively agrees with the force-dependent current−
bias (I−V) behavior in a CAFM Schottky diode between a
Pt0.8Ir0.2 (PtIr) tip and Nb-doped strontium titanate (STO).
The model follows conventional semiconductor analyses,49,50

taking into account depletion layers and image forces. A
Hertzian model51 for strains and strain gradients is used for
flexoelectric and strain-dependent terms that consider the shift
of the mean inner potential. Simple but appropriate models for
transport are used to connect the band-bending to
experimental data for both forward and reverse bias. The
analysis contains only two adjustable parameters, namely, the
ideality factor of the diode and the height of the Schottky
barrier, which we fit from the experimental data. Other relevant
parameters are either known or calculated ab initio. Upon the
basis of the analysis we can also explain why the current
transfer in sliding Schottky generator experiments43,52 is
surprisingly weakly dependent upon exact details of flexocou-
pling coefficient signs, as well as shear versus tensile
contributions during contacts. We argue that the experimental
verification of the theoretical analysis strongly indicates a
significant if not dominant role for flexoelectricity in
triboelectricity.
Figure 1 shows the I−V characteristics of the PtIr−STO

system with applied force, F, for both forward and reverse bias.

Increasing force shifted the bias at which a significant current
was observed in all cases.
We will first analyze the forward bias. Without any force, the

system behaves as a Schottky diode with the Fermi level of the
semiconductor pinned by defect states, where the pinning is

with respect to the metal. (For completeness, an analysis with
pinning a fixed energy difference with respect to the
semiconductor states is in the Supporting Information (Section
SN9) and is not close to the experiment.) The band structure
of the zero-force case is illustrated in Figure 2. Under forward

bias, electrons in the semiconductor enter the metal by
thermionic emission over a barrier of height ϕ. The Schottky−
Mott barrier height, unmodified by strain, defects, interfacial
charge redistribution, or external potentials, is ϕ0 = Φm − χ,
where Φm is the work function of the metal and χ is the
electron affinity of the semiconductor.53,54

For forward bias using standard thermionic emission
theory50 and electromechanical band bending, with the
assumption that V ≫ kBT/q, the current as a function of
both bias and applied force, F, is

ϕ
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where A(F) is the contact area, B* the Richardson constant, T
the temperature, q the electron charge, kB the Boltzmann
constant, VEM(F) the potential due to electromechanical terms,
and n the ideality factor. It is convenient to substitute ϕeff(F) =
ϕ + VEM(F).
The area A(F) was modeled by a sphere-half-space Hertzian

contact51 as

Figure 1. Experiemental I−V data for a Pt0.8Ir0.2 AFM tip contacting
an 0.7% Nb-doped SrTiO3 sample. Colors indicate different forces,
with the current generally increasing toward no bias. Four repeated,
but nonconsecutive, measurements we collected at each tip force; the
line styles for the 8.6 μN data represent a typical set. For clarity, the
remaining repetitions and some tip forces are omitted (see the
Supporting Information (Section SN3) for complete data).

Figure 2. Band-bending diagram and electron path schematics. (a)
Band diagram corresponding to the experimental setup under no
strain. The metal tip is on the left, and the semiconductor is on the
right. The barrier height, ϕ, is the difference between the metal work
function, Φm, and the semiconductor electron affinity, χ. Ec, EF, and
EV are the conduction band minimum, Fermi level, and valence band
maximum, respectively. Black lines show the system under no bias,
and the blue and red lines show the system under a forward bias, VFor,
and a reverse bias, VRev, respectively. VD is the depletion potential.
The valence bands are omitted because we are working with an n-type
semiconductor. (i) When a forward bias is applied, a current IFor is
produced by thermally excited electrons crossing into the metal over
the barrier. (ii) When a reverse bias is applied, a current IRev is
produced by thermally assisted tunneling of electrons from the metal.
(b) Key point in conduction occurring at a saddle point in the
conduction band minimum, Ec(F,r). As shown schematically,
electrons may take different paths through the space-varying Ec,
starting at different points and (i) crossing over or (ii) tunneling
through the same barriera variational calculus problem. In both
cases, the current follows paths that (i) cross-over or (ii) tunnel
through the inflection point.
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where R is the radius of the sphere (AFM probe tip) and

= +ν ν
*

− −( )E E E
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2
1 1STO

2
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PtIr
2

PtIr
, with Young’s moduli and Pois-

son’s ratios:55,56 ESTO = 270 GPa, νSTO = 0.24, EPtIr = 230 GPa,
and νPtIr = 0.37. Values of A(F) range from 300 to 900 nm2 for
the experiments herein.
With A(F) determined, ϕeff(F) and the ideality factor n were

directly fit to each forward-bias I−V curve using eq 1. We
assumed B* = 156 A cm−2 K−2 for Nb:STO samples,57 and
room temperature, T = 295 K. Details of the fitting are in the
Supporting Information (Section SN4). By plotting ϕeff as a
function of the force, Figure 3a condenses the forward bias

data presented in Figure 1. (Figure 3b does the same for the
reverse bias data and is discussed later.) Fitting ϕeff gave ϕeff(F)
= ϕ0 + bF1/3 with ϕ0 = 1.31 ± 0.10 eV and b = −0.38 ± 0.05
eV/μN1/3 (95% confidence intervals), plotted in Figure 3a.
This Hertzian-type F1/3 scaling matches previous calculations31

and experimental observations of tribocurrents.58 The average
value of the ideality factor n was 2.04 ± 0.09 (95% confidence
interval). Ideality factors of 1−2 are appropriate depending
upon carrier details;50 values of n = 1.2−1.8 have been
observed59 for progressively decreasing interface quality, and
an AFM tip contact is expected to be a low-quality interface.
The intercept, ϕ0, is the unmodified barrier height and, in the
Schottky−Mott limit, is the difference between the PtIr work
function, Φm, and the unmodified STO electron affinity, χ0.
For STO, the electron affinity is approximately60 χ0 = 4 eV.
Though we find no reports of Φm, it is bound by

61−63 ΦPt = 5.6
eV and ΦIr = 4.65 eV. Using a simple linear interpolation, Φm
= 0.8ΦPt + 0.2ΦIr = 5.4 eV. From this, we expect the intercept
to be 1.4 eV, close to the experimental result.
We now turn to modeling the effective barrier ϕeff(F), with

force F. Assuming cylindrical symmetry, we consider the
conduction band energy, Ec(F,r), as a function of applied force
and position, r = (ρ,z). Assuming that metal work function
shifts due to strain are relatively small,64 then

− = + Φ + ΦE F E V F q q Fr r r r( , ) ( , ) ( ) ( , )c F
EM

DEP IMG
(3a)

ε
ε= + ΦV F

E
F q Fr r r( , )

d
d

( , ) ( , )EM c
FXE (3b)

Equation 3b has two electromechanical terms on the right:
the first is the deformation potential and average Coulomb
potential shift due to strain (which includes “surface” effects as
described later48); the second is the flexoelectric potential. The
other terms on the right in eq 3a are conventional diode
contributions: the second term is the depletion potential in the
doped STO and the third the image potential for an electron
crossing the semiconductor−metal interface. Since STO is
centrosymmetric, we do not include any piezoelectric terms.
We use analytical solutions of Hertzian contact theory for a

PtIr sphere with radius R indenting an STO half-space to
calculate the strains and strain gradients. First, we consider the
effects of strain without any gradients, which can be split into
two terms, a volumetric strain and the remaining deviatoric
shear strain. While volumetric strains modify the conduction
band level uniformly, the shear strains cause band splitting,65

lifting degeneracies. We will consider only the volumetric
strains, εvol, and assume that the band splitting cancels on
average. The quantity of interest is then

ε ε ε
φ≈ − ̅ + ̅ − = +

E
E V V E D

d
d

d
d
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d

d
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c
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vac BS

C

(4)

where V̅ is the average Coulomb potential in the crystal, and
we split

ε
Ed

d
c into two known derivatives. The first, the strain-

induced change in the conduction band level, is the
conduction-band-specific deformation potential, DBS

C , as
described by Stengel.66 This term describes the shift of the
conduction band edge with respect to V̅, so we must also
consider how the mean inner potential, V̅ − Evac, changes with
strain. The important mean inner potential term has often
been called a “surface flexoelectric” contribution,48,66 but we
prefer an interpretation consistent with electron diffraction, as
discussed recently.48 This is the second term in eq 4, φ, and is
determined using the Ibers approximation,48,67−69 which is
accurate to ∼10%. Thus, we have

ε
φ≈ + = − + =

E
D

d
d

17.2 eV 22.2 eV 5 eVc
BS
C

(5)

Returning to eq 3, we next consider the bulk flexoelectric
response. The polarization, P, due to the strain gradient is

ε
= ϵP F f

F
x

r
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di ijkl
kl

j
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(6)

where f ijkl is the flexocoupling tensor and ϵSTO is the
permittivity. We assume cubic symmetry , with the values70,71

for STO: f1111 = −11.4 V, f1122 = −12.4 V, and f1212 = −0.4 V.
The potential is therefore
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Beyond electromechanical effects, the applied bias and the
formation of a depletion region near the surface of doped STO
must both be accounted for in ΦDEP. We assume ΦDEP follows
the form given for Nb-doped STO by Yamamoto et al.,71

depending only upon the distance z from the surface:

Figure 3. Comparison of the experimental and calculated effective
barriers (forward) and threshold biases (reverse). (a) Experimental
effective barrier heights, ϕeff, plotted against the tip force, F (dots),
with a curve fit (black line) of the form ϕ0 − bF1/3, with ϕ0 = 1.31 ±
0.10 eV and b = −0.38 ± 0.05 eV/μN1/3 and the numerically
calculated barrier (blue line). (b) Experimental (black dots) and
calculated (solid blue line) threshold biases, VRev,t, at a threshold
current of I = 0.03 nA in reverse bias. The experimental data suggest a
breakdown bias of 1.5 V (dotted blue line).
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where N is the dopant concentration and a and b parametrize
the field (ε) dependence of the effective permittivity of STO as

ϵSTO = bϵ0/ ε+a 2 and have values 1.64 × 1015 V2/m2 and
1.48 × 1010 V/m, respectively, at room temperature,71 Vd = ϕ0
+ EF − Ec − V/n is the diffusion potential, and V is the applied
potential. The effective field-dependent permittivity accounts
for self-consistent interactions between the field-dependence
and strain-dependence of the permittivity, electrostriction,
changes in the screening due to carriers in the conduction
band, and other possible terms relevant near a nominally
unstrained Schottky diode interface, and has been shown to
match experimental results of Pt/STO Schottky diodes.71−74

Further discussion of issues in the evaluation of the band
bending, including how the permittivity varies, is available in
the Supporting Information (Section SN14). We included the
image charge potential, ΦIMG, generated as the electrons
approach the surface of the semiconductor; however, it is very
small relative to the other terms (see the Supporting
Information (Section SN6)).
Therefore, for Ec,

∫
φ ε
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The total band bending (radially symmetric) is shown in
Figure 4 for three representative forces. To compare with the
experimental results, ϕeff was then calculated numerically by
considering the paths an electron may take through the STO
to the interfacea variational calculus problem. For a given
path, the barrier is the maximum value of Ec along that path.
There is a non-uniform barrier, a function of ρ, which is the
minimum of the barriers of the possible paths to that point at
the interface. Finally, a single-valued ϕeff was calculated from

this non-uniform barrier. These calculations indicate that the
current flows through a thin ring just inside the edge of
contact, where there is a saddle point in the potential. Note
that under the center of the tip (ρ = 0) the strains are large,
but, by symmetry, the gradients are zero, whereas the largest
strain gradients are near the contact edge. Further details of the
calculation appear in the Supporting Information (Section
SN7). One consequence of a non-uniform barrier is its direct
effect on the non-ideality of the diode.75 According to our
calculations, this accounts for some, but not all, of the non-
ideality (see the Supporting Information (Section SN13)). The
remaining non-ideality is likely caused by other sources, such
as in-gap states. The results for the effective barrier are shown
in Figure 3a and are in excellent agreement with the
experimental data.
Turning next to the reverse bias case, we considered a

reverse threshold bias, VRev,t, at which the current reaches some
threshold magnitude, |I(Vt)| = It (see Figure 3b). The value It =
0.03 nA was just large enough to avoid instrumental noise (as
seen in the Supporting Information Section SN8) this localizes
the current to a small region and reduces the range of different
tunneling barrier heights that contribute. We calculate the
current by integrating for fixed radial values across the
thermally assisted tunneling barrier defined by the maximum
of the STO conduction band and the metal Fermi level. This
neglects the charge transfer that can occur with electrons
moving from the metal into the STO very close to the tip. The
current density is76

∫ρ ρ

ξ
ξ

= *

×
+ − +

+ − + +
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where PTun(Em, V, F, ρ) is the tunneling probability for an
electron with energy Em, where Em = 0 is the metal Fermi level
and ξF=(EF-EC). This is a general form that includes thermally
assisted tunneling. Using the first-order WKB approximation,77

where a derivative term absent in the zero-order WKB is
included,

Figure 4. Calculated conduction band minima for different forces. Calculated Ec(F,r) − EF for tip radius R = 60 nm and three different forces using
cylindrical polars with z into the STO and ρ radial. The unstrained bulk conduction band minimum is marked by 0 eV. Contour lines are marked
on the color bar.
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where m* is the STO conduction band effective mass, C is a
path from the interface at radius ρ to a point in the STO far
away (where Ec is constant), and the derivative is defined such
that it is positive when ϕeff is increasing. Including the gradient
term captures the quickly varying potential near the contact; its
effect is mostly less than 15%, increasing at larger forces. Of the
possible paths, that with the highest tunneling probability
determines PTunanother variational calculus problem.
The experimentally observed current at the threshold

applied bias, VRev,t, and tip force, F, is given by eq 12.

∫ ρ πρ ρ= =
ρ

I V F I J V F( , ) ( , )2 dRev,t t
0 Tun Rev,t

max

(12)

By restricting the analysis to low currents, the thermally
assisted tunneling is almost exclusively through the lowest part
of the barrier near the edge of the contact region, the same
location of current flow calculated in the forward bias case. At
higher currents, the tunneling occurs over a larger region (see
the Supporting Information (Section SN8)).
A plot of VRev,t with respect to F is shown in Figure 3b. The

calculations and the experimental data agree well except for
reverse biases above 1.5 V. This can be attributed to a force-
independent breakdown: in addition to the system missing the
guard rings of modern Schottky devices,78 the sharp radius of
curvature of the interface and the relatively high doping level of
the STO both suggest breakdown is possible.79

The experimental results and modeling herein are in
excellent agreement, well within the experimental limits. The
analysis contains two unknown parameters, the ideality of the
diode in forward and reverse bias and the value for the
Schottky barrier; all other terms in the model are either known
or are calculated ab initio. For any specific system, the details

will depend on many terms, including the flexoelectric terms,
temperature, elastic constants, and differences in work
function. The Supporting Information (Sections SN10 and
SN12) discusses the contributions of the strain gradient and
polarization components, and the contributions of the terms in
eqs 4, 7, and 8.
One point of some importance is that we obtained good

agreement between experiment and calculations without
having atomically ordered and clean surfaces. This is because
the barriers are beneath the surface by 1−3 nm (see the
Supporting Information (Section SN7)). This means that the
behavior of a particular material will be somewhat consistent,
which is what has been found experimentally. Of course,
chemisorbed polar molecules or water will have an effect on
the zero-force barrier, but they will have less effect on the
band-bending changes.
Though the calculations do not explicitly address charge

transfer, they offer some insights that agree with experiments
for sliding Schottky generator experiments43,52 that observe
electron transfer from a semiconductor to a metal, surprisingly
independent of the sign of the flexocoupling coefficients and
details of shear versus indentation or plowing. What one has is
a type of ratcheting charge pump. More details are in the
Supporting Information (Section SN11); we will summarize
here and in Figure 5. Near the contact there is a region where
the bands bend down in the semiconductor as force is applied;
these regions will pull in electrons from the body of the
semiconductor far from the contact region. As the force is
released, there is a barrier for these electrons to move back into
the semiconductor, so transfer to the metal is favored.
Changing the sign of the flexocoupling coefficients will change
whether this downward region is outside or inside the contact,

Figure 5. Ratcheting mechanism for charge transfer in metal−semiconductor contacts. (a−h) Ec(F,r) − EF in the ranges 0 ≤ ρ ≤ 20 nm and 0 ≤ z
≤ 3 nm for increasing and decreasing forces, F, as in contact and pull-off of an asperity. (a) For very low forces, the depletion potential is most
important. (b−d) As the force increases, electrons (white circles, schematically arrowed) move from regions with an increasing potential to regions
with decreasing potential. (e−g) As the force decreases, the number of available states in the potential well decreases, forcing some electrons into
the metal rather than back across the barrier in the semiconductor, where states near the metal Fermi level EF,M = 0 are available. (h) After the force
is completely released, electrons have transferred to the metal.
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not its presence. Similarly, details of shear versus compression
or other types of contact will change the exact magnitude of
the region where the band bends significantly down, but the
overall details will remain the same.
We have presented a model of electromechanical band

bending in a triboelectric metal−semiconductor system that
quantitatively agrees with force-dependent current−bias
experiments and qualitatively agrees with charge transfer
observed in other works. This offers insight into the details
of the triboelectric effect in metal−semiconductor systems and
provides strong evidence of the importance of flexoelectric
band bending in triboelectricity. Complex mechanics, band-
bending physics, and device physics combine to end up
producing a relatively simple and quite general result. While
details will be dependent upon specifics of the materials, broad-
brush results for charge transfer are surprisingly invariant of,
for instance, the amount of shear at the contact. If this was not
the case, then the simple concepts such as the 19th century
triboelectric series would never have had even limited success.
Is triboelectricity as a ratcheting charge pump generalizable

from the Schottky contacts herein to other cases? Perhaps.
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