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Practicdly, dl materids acquire a charge when touched or made contact by a dissmilar
materid. This contact-charging phenomenon can be the result of the combinaion of any metd
(conductor), semiconductor, or diglectric (insulator), which are brought into contact. It is particularly
important that the following discusson of the phenomena of contact dectrification will begin with a
discusson of meta-meta contacts. This is because the theory of the contact dectrification of metals has
been successfully described with no existing conflict of ideas, and used primarily as a basis for many
attempts to explain the contact charging mechanisms of other combinations: i.e,, metd-insulator and

insulator-insulator.

a) Metal-Metal Contacts

In looking over the theory of the contact dectrification, undoubtedly, contact charging of metals
is of great sgnificance. It is often thought that the charge transfer between two metals by contect
eectrification is rather improbable, since the charging of metas is not quite noticegble under most
circumgtances. Indeed, the charge transfer across the interface between two metas, when the two
metds with difference in work functions are brought into contact, may be grester than the charge
trandfer between a metd and an insulator. However, the high conductivity of the metds alows the
charge to run away readily from the region of contact. Moreover, the charge back-flow that usudly
occurs as the materias are parted happens very quickly in the case of poor insulator (or metal), so that
the totd charge deposited remains relatively smal. Nonethdess, the contact dectrification of metas
should be carried out in avicinity where there is no dectric field or sray dternating fields, because such
fields can cause charge transfer by any means but normal contact (for instance, induction).

The mechanism of charge transfer in metals is quite crystal-clear, consdering the eectron sates
in metals are reasonably smple and well understood. In metds, there is a band of alowed dectron
gates that isfilled up to the Fermi energy, E-. The work function, f, of the metd is the amount of energy
by which its Fermi leve lies beow the vacuum leve. When two metads with different work functions, f a
and f g, are in contact, the charge transfer occurs in such a way that the eectrons flow from the meta

with the higher Fermi energy in to that with the lower Fermi energy (figure 1.3). The trander of these
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electrons increases the electron potential of B relaive to A and terminates when the Fermi energies of A
and B equdize. Accordingly, the charge transfer should be proportiond to the difference in the work
functions between the two metals,

Qu (fs-fpg). [1.3.1]

Apparently, the theory of the contact eectrification of metals is based on the assumption thet;
when two metds are in contact with each other, charge is transferred between them until their Fermi
levels are brought into coincidence. The eectrons are exchanged between those two metals so that they
come into thermodynamic equilibrium; that is the electrochemica potentids are the same throughout
the two metas. Then the difference in the surface potentids of metals will be

Ve=(fs-fa)le [1.3.2]

Where V. is cdled the contact potential difference. It seems, therefore, that the charge on the metals
during their contacts is given by the aftermath of V. and the effective capacitance between them.

The dtuation when the metals are separated after contact is aso of importance in the theory of
contact electrification of metas. Harper (1967) pointed out that €lectrons will tunnd between the metals
while they are separating, as long as the distance between them is smal enough. Asthe metas separate,
the capacitance between the two metds is found decreasing and the surface potentia difference for a
given charge becomes increasing. In trying to retain the thermodynamic equilibrium, eectrons will tend
to tunnel across the gap between the metds, so that the potentia difference is maintained equivadently to
V.. Ultimately, the charge on the metals after separation should gpproximately be

Q=CyV, [1.3.3]

where C, is the contact capacitance between the bodies at the critical separation z,, defined as the point
whereat the resistance between the two bodies increases very sharply while the capacitance changes
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relaively dow. According to Harper, C is a constant that depends only on the shape of the contacting
bodies and is normaly determined by the degree of roughness of the contacting surfaces.

It has been experimentadly confirmed by many researchers (Lowel and Rose-Innes, 1980) that
the charge transfer between two metas is proportiond to their contact potentia difference (Figure 1.4).
This aso includes the finding that the contact charge does not depend on the speed of separation. In
summary, the dectron back-flow by tunnelling has been found not to cause the decrease of the charge
on the metals after separation. It may be said that the charge on the metasis entirely determined by the
coincidence of the Fermi energies of the two metals on contact, or by the thermodynamic equilibrium.
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Figurel.3. Twometds, A and B: (a) before contact, (b) after contact. (after Lowell
and Rose-Innes (1980))
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Figurel14.
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The varidion of the energy of an eectron ingde and outsde a meta is shown in (a). Vs
is the surface potentid and f is the work function. E is the minimum energy of an
electron added to the metd. Two metdsin close proximity (b) exchange charge until, in
equilibrium, their Fermi levels are coincident. The trandferred charge is such as to cause
a difference in surface potentid equa to (fg - fA) / e, that is, the contact potentia
difference V.. (after Lowell and Rose-Innes, 1980)
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b) Metal-Insulator Contacts

Contact dectrification is oftentimes confined to insulators, owing especidly to their abilities of
accumulating charge in ways that the meta's cannot; therefore, the charge on the insulatorsis usudly very
obsarvable. The term ‘insulator’ normaly covers a very wide range of materids varying in sructure,
with only one common feature of being poor conductors of dectricity. Work on the contact
electrification of insulators is often performed by contacting the insulators with metals since the behavior
of ametd in contact dectrification has been well understood. In that case, the results can be smoothly
interpreted. Still, the contact dectrification between insulator and metd does require a good knowledge
of the dectron daes in insulators, which at present fals far short of understanding, specificdly at their
surface. It is noted that: when an insulator is in contact with ameta, the charge acquired by the insulator
may depend not only on the nature of insulator itself, but also, in some cases, on the specific metd and
on the type and duration of contact.

It has been quantitatively established for a long time that the charge transferred between an
insulator and a meta tends to correlate with the difference in work function between the two materials.
This correlaion suggests that, for the contact ectrification of metal and insulator, the charge transfer be
by dectrons rather than by ions or else. Note that the charge transfer by ions or material has yet been
completely excluded. It has also been assumed that the charge is transferred between the metd and the
insulator until thermodynamic equilibrium is established. This assumption is based on the same theory as
which applicable to metas. It is described that each insulator is supposed to have ‘Fermi levd’, k&,
which, after contact, becomes coincidence with the Fermi level of the metd. After a large number of
invedtigations, it is now recognized that the charging of solids involving the insulators should occur
primarily at the surface, and that there are sufficient eectron Stes in the insulators to account for the
charge. Moreover, it has been suggested that the thermodynamic equilibrium model may not be vaid for
insulators with a wide energy gap. An dternative mechaniam for charge trandfer has then been
proposed, indicating that the tunnelling of eectrons between the metd and locdized dates in the
insulator may play an important role in the charge transfer. The detailed mechanism will be discussed in
the following section.
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i) Mechanisms of Charge Transfer

According to Harper (1967), the three primary ways in which charge can transfer from one
subgtance to another are i) by eectron trandfer, ii) ion trandfer, and iii) materid trandfer. There is
important evidence suggesting that, in tribod ectrification of coa and minerd matters, the charge transfer
be often due to dectrons. Nonethedless, the other two charging mechanisms may occur in some

particular cases, and they are worthwhile to be remarked here, in brief.

a) Material Transfer

There is compelling evidence that the contact of two solids can result in the transfer of materia
from one to another. Materid transfer in some cases (such as, when polymers and metals are brought
into contact) is of possible notability to contact eectrification, if the number of transferred atoms per unit
area exceeds the charge dengty (in units of e per unit area) observed in the contact dectrification
(Lowdl and Rose-lnnes, 1980). As a result of materid trandfer, charge transfer will occur if the
transferred materid carries charge. The fact that the conditions a the surface of a materid are basicaly
not the same in the interior indicates that the surface of the materid may carry alayer of charge. Metds
and semiconductors are good examples of such a circumstance. Metas are ordinarily coated with their
oxides that usudly cary the net charge compensated by charge in the underlying metds. For a
semiconductor, charge may reside in its surface states and be compensated by charge of the opposite
sgn digributed in the interior.

Probably the most convincing evidence of mass trandfer is the work of Salanek and his group
(Salanek et.al., 1976). With the use of ESCA for surface andysis, they showed that some of the meta
transferred to the polymer and, likewise, some of the polymer to meta when they were in contact with
each other. Moreover, very large amounts of polymer may transfer to the meta during the time that the
meta dides over polymer (Pooley and Tabor, 1972). But in spite of what has been reported, those
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cases where materid transfer has been shown taking place were andyticaly found not to be the first
primary cause of charge transfer. As addressed in the work of Salanek et.d., the large amounts of
materid transferred were observed in the first contact between a metal and polymer, but the significant
increase in the amount of materia transferred did not happen for the second and following contacts.

Furthermore, there is the other supporting evidence that materid transfer is unlikely to be a
primary cause of the contact eectrification of meta-insulator. A paper published by Lowdl (1977)
reported that the same region of polymer surface may be repestedly charged to approximately the same
extent by repeated contacts with a metal. Note that the charge on the surface should be removed
between contacts for such case. It is aso important to bear in mind thet, if a metal charges a polymer
because of materid transfer, one would expect charge transfer to be practicable only if the two materids
have not previoudy in contact.

b) lons Transfer

Contact eectrification has been suggested by a number of researchers (Shaw, 1917; Henry,
1957; Harper, 1967; Kornfeld, 1976; Ruckdeschel and Hunter, 1977) that the charge trandfer
occurred may be due to the transferring of ions from one surface to the other. However, it is difficult to
accept this suggestion as the mechanism of charge trandfer usudly occurred in the case of metd-
insulator contacts, dthough some researchers were influenced to believe so. Only in the case of
insulator-insulator contacts, there is a great ded of experimental evidence that ion transfer may be a
dominant mechanism for the charge transfer. Or even two or three mechanisms (electron, ion and

materid transfer) may contribute smultaneoudy to the charge transfer in some particular cases.

Evidently, the mogt far-reaching affirmation for the ion transfer model has been made by
Kornfdd (1974). He clamed that the circumstances in which the surfaces of the same materias may
charge each other, and that the sgn of the charge transferred to one surface when it is rubbed by
another may eventudly change as rubbing continues, can be explained by the ion transfer mechanism.
He pointed out that insulators, in generd, carry a net internal charge because of charged defects in the
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crysd lattice; this internd charge is neutrdized by ions on the surface. These ions are attracted to the
surface from the atmosphere, which is dways dightly ionized. It is aso suggested that different surfaces
have different affinities for a given ion, hence, there will ordinarily be a transfer of ions from one surface
to the other when two ion-coated surfaces are brought into contact. Neverthdess, Kornfdd's ion-
transfer mechanism has been disputed by the more convincing and nearly overwheming evidence shown
by other workers. Those results controversidly indicated that eectron transfer should be the dominant
mechanism when meta is one of the contacting materiads. Moreover, Lowell and Rose-Innes (1980)
pointed out that charge transfer between insulators is also attributed to eectrons. They included that the
eectrification of one insulaor by another can be predicted from the information on the
triboel ectrification of each of insulators by metas.

Harper (1967) has severd papers contributing to the study of ion transfer mechanism. He found
very large charge transfer on quartz and concluded that the charge transfer should be credited to athick
layer of -OH ions which were present on the quartz surface as a result of the manner in which it was
prepared. Contrary to what has been reported by Harper, a work performed on quartz by Wagner
(1956) indicated eectron transfer as the charging mechanism when charging quartz against metas. His
indication was attributed to the finding of the relationship between the charging and the work function of
the contacting materid. Y et, the ion transfer was not completely denied to be a possible mechanism for
the eectrification of some substances, such as Al,O;, MgO, and the akali halides. Furthermore, a
number of studies in connection with the ionic mechanisms of charge transfer were carried out on
pyrodlectric insulators (Harper, 1967; Kornfeld, 1974; Robins et.a, 1975). It appears eventualy that
the contact dectrification is influenced by the polarization of the pyrodectric materid, but not by the

presence of compensating ions.

The ion transfer mechanism when water is present on surface is aso of particular interest, in
addition to the transfers of ions attached to dry surfaces that have been discussed above. There is
compelling evidence that contact charging of insulators may be varied by the presence of water. Harper
(1967) has proposed that charge transfer might appear through a kind of electrolytic process. Such

eectrolytic charging is regarded as a process in which ion moves in a superficid water layer. An
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extengve series of experiments, which suggest the dectrolytic charging, has been described by severd

authors since early century. Knoblauch (1902) found a strong correlation between the sign of charging

and acidic or basic properties (the presence of H" and OH'). Moreover, he proposed a mechanism to

explain the charging of some totaly insoluble materias, and concluded that the charging occurred as a
result of the attraction of H or OH ions present in a (probably contaminated) water layer to the

materid of greater dielectric congtant. His findings were confirmed by Rudge (1914), who was unaware
of the smilar works he had carried when compared with those of Knoblauch. Years later, Medley

(1953) conducted his experiments on polar polymers. His work became more evident to dectrolytic

charging, with the result dencting that the polar polymers would acquire eectrical conductivity in a
humid atmosphere due to eectrolytic dissociation in absorbed water. In summary, water may influence
contact dectrification in an indirect way, by increasing the conductivity of the insulator.

Turning now to the concept of ion transfer which may be consdered in the case of insuator-
insulator contacts rather than in the contact dectrification of metd-insulator. Up to present, no
comprehengve theory of ion trandfer has been developed yet. But the redigtribution of postive and
negative ions between two surfaces, which have just been in contact, has been intensdy contemplated
by Henry (1957). Henry proposed an indicative theory in which the severa different driving forces,
which could transfer ions from the surface of one insulator to another, were pulled into observance. An
expresson was derived for the charge trandfer involving dl these effects. To make it rather more
explicit, Lowel and Rose-Innes (1980) consdered treating them separately, and their treatment should
thus be followed.

As shown in Figure 1.5, the potentid energy of an ion is given as a function of its postion
between two nearly separated pardld surfaces, and the vibrationd levels are indicated. This potentia
includes that as a result of excess charge on the insulator surfaces. Basicdlly, ions will concentrate near
the minima adjacent to the two surfaces when in equilibrium. The number n; and n, of ions close to

surface 1 and 2, respectively, will be assigned approximately by

N/ n~exp (- DU /KT), [1.3.4]
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where DU isequa to U; - U, (Figure 1.5). DU is defined as an energy difference between the lowest
vibrationd levelsin the two troughs at cut-off; smply put, it is the energy difference between the minima
shown in the figure. The equilibrium may not be reached for a very long time if U; and U, are large
compared to KT, but it will be disregarded at the moment. Furthermore, it is presumably for the time
being that ions in the two minimaremain atached to their individua surfaces after separation.

If DU is congderably larger than KT, equation (1.3.4) will thus suggest that most of the ions
would collect on one of the surfaces. However, if there are alot of ions, DU will be modified by the
eectric fidd formed when those ions trangfer. Obvioudy, dl the ions will trandfer to one surface if the

tota chargeislessthan s, where

(eso/ep)z» DU . [1.3.5]

It is assumed that the distance between the minimain Figure 1.5 is the order of the separation z
of the surfaces. Correspondingly, if the ions on the two surfaces have total charge larger than s, the
charge trandfer will proceed until the field is adequate to make the energies of the two minima equd. If
DU istheinitid energy difference between the minima, the charge transferred is given by

(esz/eg) =DU. [1.3.6]

It is difficult to predict the charge dendgty numericdly with no information of DU or of the
effective separation, z However, a rough computation can be done by assuming z to be so smal tha
DU is less than ~ 1 eV, s0 the thermionic emisson of one surface to another while the two are in
contact will not be very dow. It is noted that DU would be 3 1 eV in generd if the binding energies of
the ions to the surface are bigger than 1 eV, except that the surfaces are closer than ~ 0.3 nm o that the
image forces reduce DU. Therefore, it is essentid that z must be assumed £ 0.3 nm for contact
electrification to happen. By substituting these numbers in equation (1.3.6), one can find s = 3 x 107
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C/n as the condition for equation (1.3.5) to be satisfied. But the observed charge densities are nearly

adways smdler than this and equation (1.3.6) is, therefore, usudly irrdevant.
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Figurel5.  Dependence of the potentia energy of an ion on its position between two plane pardléd

insulator surfaces (Lowell and Rose-Innes, 1980).
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If the binding energy of agiven ion is supposedly different on dissmilar insulator surfaces, by the
amount ~ 1 eV or more, the above mechanism will aways be the dominant one. But once the two
insulators are identica, the binding energy will spontaneoudy not differ, and make the smal effects
become important. There is evidence that these effects may cause the charge transfer between the
identicd insulators. Henry is of the opinion that there are two ways in which the identica insulators may
charge each other. The first is what he cdls the “abundance effect”. If the densities of ions on the two
surfaces were, by chance, unequal, some charge would transfer from one to another during contact.

Nevertheless, this effect is obvioudy not the mechanism that occurs on aregular basis.

The second, the “temperature effect” is a particularly important effect of the ionic transfer
mechanism. It is well noticed that charge transfer between two identical insulators can occur as a result
of atemperature difference, especiadly when these identica insulators are rubbed together. It is pointed
out that a degree of asymmetry is often introduced when two objects are rubbed together, and this
gpplies dso to the rubbing of the two identical bodies (Harper, 1967). It may be that this asymmetry
generates a temperature difference between the contacting surfaces, causing the charge transfer.

If there is atemperaure difference, the system is not in thermodynamic equilibrium and equation
(1.3.4) is not vaid. Therefore, the pre-exponential terms are ignored and one can see that for dynamic
equilibrium

(U /T » (Ua/ To), or  DUx» (DT/T)U, [1.3.7]

where DT is the temperature difference, DT = T, - T;, and DU = U, - U;. Eventudly, for identica
surfaces, one can find that

s =(eUy / zeT,)DT. [1.3.8]



