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Abstract— Electrons excited into conductive states by thermal processes or by ultraviolet light can undergo independent de-activation processes in the bulk or on
surfaces. Therefore, differences in size and surface morphology can lead to different overall bulk and surface de-activation rates. For thermally excited charge carriers this difference leads to higher excited electron concentrations (and hence higher Fermi energies) in objects with smoother surfaces than in otherwise identical objects with rougher surfaces. Similarly, higher excited electron concentrations are
expected in larger than in smaller particles. These predictions are in general
agreement with prior and current experimental observations of tribo-electric charge
transfer. For silica-based solids, modeling of the excitation, diffusional transport,
and de-excitation shows that surface features in the tens of micron size range lead to
significant differences in excited electron concentration. This symmetry breaking
effect can take place in parallel with other processes and may also play a role in the
charging of solids of different compositions.
I. INTRODUCTION
Despite its importance in many fields, electrostatic charging of particles of different size
and surface roughness, but with identical composition, remains poorly understood [1-8].
In a previous paper [1] we considered size effects in spherical particles under optical excitation. The spatial concentration distribution of excited electrons arises from their diffusion from the excitation site and subsequent de-excitation within the bulk or at the surface. We showed how the relative rates of bulk and surface de-excitation are size dependent and influence the concentration of excited electrons and hence the Fermi level and
magnitude and direction of charge transfer between particles. Here we expand on those
quasi one-dimensional studies and determine the spatial distribution of thermally excited
electrons in generalized cylindrical and hemispherical geometries.
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II. DISCUSSION
A. Excitation Processes
There are numerous possible types of excitation in crystalline solids containing defects,
each with different consequences for charge carrier conductivity. Excitation of electrons
from the valence to the conduction band leaves equal numbers of excited electrons in the
conduction band and holes in the valence band. Excitation of electrons from fixed donor
sites to the conduction band leaves fixed, positively charged donor sites. Electrons can
also be excited from the valence band to fixed acceptor sites leaving valence band holes
and negatively charged acceptor sites. Furthermore, for sufficiently large concentrations
of defects, impurity bands can form that can support conductivity.
The ultraviolet end of the solar spectrum can provide the required excitation [1] for particles exposed to sunlight. During sliding contact, the thermal spikes (flash temperatures)
at asperities have been reported to be greater than 3000K [9,10], which is high enough for
significant excitation.
B. De-excitation Processes
Symmetry breaking can arise from the independent de-excitation processes that occur
throughout the bulk and on the surface. The de-excitation rates in the bulk and on the
surface, rB and rS, are given by,

rB = −hn

(1)

rS = −kn

(2)

where n is the concentration (1/m3) of excited electrons, h (1/sec) is the reciprocal of the
excited charge carrier lifetime in the bulk, and k is the surface recombination velocity
(m/sec).
C. Geometric Scale
Symmetry breaking can occur when the overall bulk and surface de-excitation rates are
not of greatly different orders of magnitude. From equations (1) and (2) this occurs at a
geometric scale of order k/h. Reported values of h and k for silica-based solids vary over
orders of magnitude. However, using mid-range estimates, one finds a geometric roughness scale in the ten-micron range. For example,
k/h ≈ (103 m/sec)/(108 /sec) ≈ 10-5 m

(3)

III. MODELING
A. Modeling Assumptions
We do not consider thermal effects on the distributions other than the primary thermal
role at the excitation site, and only show steady state results. The latter assumption is
reasonable because, in the parameter range of interest, the estimated characteristic time
for decay of a thermal pulse is several orders of magnitude longer than the decay time for
the pulse of the associated excited electrons. The effect of the internal field generated by
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the charge distribution was neglected in most of our computations. Computed estimates
show that the decrease in concentration of excited charge carriers arising from the internal field is modest, in our examples about 20%, much less than the uncertainty in the
values of the material properties h and k.
B. Modeling Methods
The surface concentration of excited electrons is calculated by numerical solution of the
steady state diffusion equation with appropriate boundary conditions.

∂n
= D∇ 2 n + grad ⎡⎣ µ En ⎤⎦ − hn = 0
∂t

(4)

Neglecting the effect of internal field leads to,

D∇ 2 n − hn = 0

(5)

The boundary condition along the bounding surfaces where de-excitation takes place is,

Dgrad[n] = −kn

(6)

The results of the calculation give n = n(x,y,z). Selected results are plotted in Figures 1
and 2.
We performed numerical computations over a wide range of non-dimensional values of
the two major parameters affecting the behavior, hR2/D and kR/D, for two surrogate geometries: a circular right cylinder and a hemispherical region. In each geometry, electrons are excited in one small region (a hot spot). In the cylindrical geometry the hot spot
is one face of the cylinder; in the hemispherical region the hot spot is a disk of radius R0
at the center of the flat face of the hemisphere. De-excitation occurs throughout the bulk
of the material, and at a portion of the surface. The de-excitation surface in the cylindrical geometry is the cylindrical surface. In the hemispherical geometry it is the annulus
beyond the hot spot on the flat surface.
Most of the computations were done using a second order central difference approximation to the differential equation and a first order approximation for the boundary conditions, solving the equations by iteration. The first order boundary condition was needed
for the iteration procedure to converge. From the numerical results sample examinations
of the boundary condition to second order were determined, which showed accuracy to
within 1%. Some computations were repeated using Mathematica, both as a check on the
finite difference computations and for three-dimensional displays of some of the information.
C. Numerical Results
Figure 1 shows the distribution of concentration in the cylindrical geometry, for hR2/D =1
and for a large range of kR/D. For perspective, hR2/D = 1 and kR/D = 1 can correspond
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to h = 108 /sec , k = 102 m/sec, D = 10-4 m2/sec, with R = 10-6 m. The cited h, k, and D
values are within reasonable ranges for untreated silica-based solids.
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Fig. 1. Plots of the dimensionless concentration of excited electrons in a cylindrical geometry as a function of
dimensionless axial distance for a range of parameter values.

In a cylindrical asperity the aspect ratio, L/R, is a surrogate for the surface roughness.
Other results of the modeling, not shown, show that at constant h and k, the average concentration of excited electrons in the cylindrical asperity decreases with increasing L/R.
Figure 2 shows the distribution of concentration for the hemispherical geometry, for the
same wide range of parameters as shown for the cylindrical geometry in Figure 1. For
both the cylindrical and spherical geometries the concentration decreases with increasing
values of the surface de-activation, as one expects. Similarly, with constant surface deactivation, the concentration decreases with increasing bulk de-activation; these results
are not displayed here.
Concentration on Hemisphere
1
Solid line Flat plate

0.9

Dash dot line Center

0.8

hR20/D = 1.0

0.7

n/n0

0.6

kR /D = 0.0
0

1.0

10

0.5
0.4
0.3
0.2
0.1
0
0

0.5

1
R/R0

1.5

2

Fig. 2. Plots of the dimensionless concentration of excited electrons along the flat surface and along the centerline of the hemispherical object for a range of parameter values.

For the purpose of visualizing the behavior in the hemispherical geometry, Figure 3
shows the concentration of excited electrons on the flat surface of the hemisphere. The
concentration of excited electrons falls rapidly from its value at the hot spot.
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Fig. 3. Dimensionless concentration of excited electrons on the flat surface of the hemispherical object.
R/R0 = 0.1; hR2/D = 0.1, kR/D = 0.01.

D. Effect on Fermi Energy and Direction of Charge Transfer
The direction of charge transfer between two solids is ultimately determined by the relative positions of the Fermi energies. However, solids subjected to an external photon flux
or high local flash temperatures are not in equilibrium and consequently do not have a
well-defined Fermi energy. In this case the quasi-Fermi level approximation can be used
[11, 12]. This approximation relies on the observation that the time required to equilibrate the excited electrons to the lattice temperature is much less than the time for deexcitation to the valence band and other lower states. This approximation allows one to
write the quasi-Fermi energy, EF, for electrons in an uncharged solid as,

⎛ n⎞
E F = ε c0 + kT ln ⎜ ⎟
⎝ nc ⎠

(7)

where ε c0 is the electron energy at the conduction band edge, n is the concentration of
excited electrons in the conduction band, and nc = 2 ⎡⎣ me* k BT / 2π ! 2 ⎤⎦

3/2

.

In the present situation, n << nC so from equation (7) the quasi-Fermi level is within the
band gap. Also from equation (7) the quasi-Fermi energy increases with increasing n.
Electrons will transfer from objects with greater Fermi energy to objects with lesser Fermi energy. Therefore, the results of the modeling presented here indicate that the direction of electron transfer is from smoother samples to rougher samples. The rate of transfer and total amount of charge transferred depend on the details of the contact and transfer process, which are not considered here.
IV. PRELIMINARY EXPERIMENTAL RESULTS
Preliminary measurements were made of the direction of charge transfer between glass
with different surface roughness. Plain glass, uncoated microscope slides obtained from
Corning were roughened using 600 grit (16µm diameter) and 120 grit (115µm diameter)
silicon carbide paper. Scanning electron microscopy indicated that the “true” surface
area of the slide roughened with 120 grit paper was approximately 15% greater than the
slide roughened with 600 grit paper.
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The slides were subsequently rubbed together and the net charge on each determined using a Faraday cup. In all experiments the smoother slide became positive with respect to
the rougher slide. All combinations were tried, and the slide of intermediate roughness
became negative with respect to the unroughened slide and positive with respect to the
slide roughened with 120 grit paper. The results are summarized in Table 1 as a triboelectric series. These results are in agreement with older studies that have reported some
evidence that smoother objects become positively charged with respect to rougher objects. See, for example, Adams [13] and Shaw [14], who reports on experiments of
Héséhous [15].
TABLE 1: SUMMARY OF PRELIMINARY TRIBO-ELECTRIC EXPERIMENTS ON
GLASS SLIDES OF DIFFERING ROUGHNESS
Sample
Smoothest
Intermediate roughness
Roughest

Treatment
As received
600 grit (16µm)
120 grit (115µm)

Triboelectric Series
+ve
-ve

V. CONCLUSIONS
We show that the concentrations of excited electrons in otherwise identical objects of
different shapes and sizes can differ because of the different relative magnitudes of surface and volume de-excitation. These differences lead to differences in the Fermi energies and hence to the possibility of charge transfer between objects of identical chemical
composition. Charge carriers are predicted to transfer from smoother to rougher and
from larger to smaller objects. These predictions are in general agreement with past and
present experimental observations.
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