JOURNAL OF APPLIED PHYSICS VOLUME 92, NUMBER 12 15 DECEMBER 2002

Analysis of electron transfer between electron irradiated metallic ball
and insulators in vacuum: A specific alternative to the mirror method

C. Guerret-Piécourt,? D. Juvé, and D. Tréheux
Laboratoire d’'Ingenierie et Fonctionnalisation des Surfaces, UMR 5621, Ecole Centrale de Lyon,
36 avenue Guy de Collongue, 69134 Ecully cedex, France

N. Burais
CEGELY, UMR 5005, Ecole Centrale de Lyon, 36 avenue Guy de Collongue, 69134 Ecully cedex, France

(Received 14 June 2002; accepted 26 September)2002

In order to improve the knowledge of dielectric properties of insulators, we have imagined an
original method of characterization of the charge buildup. Electrons of an electron beam are
implanted through a metallic ball directly in contact with the insulator in a scanning electron
microscope. By calculating and modeling the capacitance and the electrostatic force between the
ball and the insulator plane, it has been possible to determine the relationship between the injected
charges in the metallic ball and its surface potential. The major role of the dielectric thickness has
been evidenced when the insulator is placed on a grounded metallic plane. At high potential values,
a dielectric breakdown of the medium surrounding the sphere occurs and electrical charges are
transferred from the ball to the dielectric sample. This transfer has been evidenced and quantified in
the case of sapphire and quartz. Analytical calculations and numerical simulations using the
finite-element method have been performed for interpreting these experimental resu9020
American Institute of Physics[DOI: 10.1063/1.1522477

I. INTRODUCTION ration allows injection by contact of electrons with smaller
kinetic energy as in direct SEMM. Moreover, it can simulate
Electrical insulators are materials of very high industrialwhat happens in real cases where charges can be injected by
importance. On the one hand, a typical hazardous situation igontact between metétlectrod¢ and an insulating material
the electronics, spacecraft, or polymer industry is that of gy py triboelectrification. Finally, the system “dielectric
charged object getting in touch with a semiconductor or arhjane-metallic sphere,” which is currently considered in the
insulator'=3 This situation leads sometimes to breakdownfie|d of electrostatic risks, is of great importarice.
and (or) charge transfer occurring between the two bodies,  Thjs article is focused on the interpretation of the results
inducing electrostatic damadlasr contact electrification and obtained during the electron injection in this experimental
triboelectrificatiort'® The conditions and mechanisms of this arrangement. The experimental system is described in Sec.
charge transfer are not very well known. Il. Section Il specifies the analytical calculations in the ap-
Q” the o_ther hand, 't_ is now well kljown that macro- proximation of a semi-infinite plane of dielectric, and the
scopic (electrical, mechanical, ejcproperties of insulators it element method simulation in a more realistic configu-

are dlirectly ! glated to thg waQéJg) of space chargg a.“d th?ation. Section IV develops the confrontation of calculation
charging ability of the dielectric® Many characterization and experimental results. The strong influence of the

Leeizr;@u%snzr%f Lthr‘reemntlé uksnec;dwtg ztsuc:%/eth,,igg:;?:gtr;zﬂ?gno&ounded metallic plane situated under the insulator has been

microscope mirror’(SEMM) method0-12 During the first evidenced, thanks to the variation of the capacitance mea-

step of the SEMM experiments, high energetic electr@as sured with the insulator thickness. Otherwise, the strikingly
keV) are injected in the insulatér leading to a possible dis_contribution of the electrostatic force to the mechanical equi-

turbance of the studied sample. To minimize this disturbanchPrium of the sphere on the plane, when the system is tilted,
and its influence on the characterization of the trapping abill'aS been reported. At a high surface potential of the metallic

ity of the material, we have imagined reducing the kineticPall, a slope break of the curve relating the surface potential
energy of the incoming electrons. with the injected charge can be explained either by a dielec-
Because of both previous interests, we have carefulljfical breakdown due to the electric field exceeding the di-
examined the following problem: What happens if electronselectric strength of the meduf'rr(m our case, secondary
issued from an electron beam of a scanning electron micro/@cuum, or by a transfer of electrical charges between the
scope(SEM) are injected through a metallic ball placed in Metallic ball and the insulator. An effective transfer of elec-
contact with an insulator? Indeed, this experimental configutrons between the metal and the dielectrical plane has been
evidenced when the potential of the ball is strong enough,
dAuthor to whom correspondence should be addressed at: LPMI/CURShowever' the breakdpwn electric dlscharge of th.e megllum
BP1155. 64013PAU  Cedex,  France:  electronic  mail: ¢@n be the way of this charge transfer. These points will be

christelle.guerret@ec-lyon.fr discussed in Sec. V.
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the incident electrons of about 21 keV. So, for the range
(30—20 keV of primary energy obtained during the injection
e ek in the metallic sphere the secondary-electron emission can be
(30kV) considered as constatit.

SEM —
Electron gun

Metallic ball

Planar part C. Measure of the surface potential
of the metallic sphere

Insulating sample

i In the original SEMM Method, the insulating sample is

directly irradiated with the electron beam of the SEM at a
high voltage(30 kV). During the high-voltage irradiation, a
(@ well known quantity of charges is implanted and trapped in
the dielectric, leading to an electrical field in the vacuum
chamber of the SEM. If the sample is observed later, with a
lower-energy electron bea00 to 3000 eV, the electrical
field can be strong enough to deflect the electrons in the
same manner as a convex mirror does with light. As a con-
sequence, a “mirror” image is given on the screen that dis-
plays a distorted view of the SEM chamber. The amount of
trapped charge can be evaluated from the geometrical char-
acteristics of the mirror image by using an electrostatic
law.°=12 |n this particular caséno leakage current, strong
(b) trapping, etg, the trapped charge can also be evaluated by
FIG. 1. Experimental systenia) Experimental modification of the SEMM meaSllJ6r|ng the ground current, due to the influence charge
method for the injection through a metallic balb) Tilt of the sample for ~ €ffect.
mechanical evaluation of the electrostatic force. In the sphere—plane system, a similar procedure is used
to evaluate the surface potentid| of the metallic sphere
after injection. Due to the insulator presence under the me-
tallic ball, charges injected in the sphere are blocked. The
A. Experimental configuration observation at low voltage of the ball leads also to the ob-
servation of a “mirror effect.” At the beginning of the obser-

As shown in Fig. 1a), approximate(metallic sphere— _ : . .
plane(insulatoy geometry has been chosen. More precisely,vatlon 9f the mirror, the accelerating pme”.“@ of the elec- .
is smaller than the surface potential of the metallic

the metallic ball, with a radius of about 1.74 mm, had a planérons'

part for easier manipulation, and the dielectric sample was ahphere. All the electrons of the lecture beam are deviated on

parallelepipedal one. The width and length of the dielectric® equipotential, following the Rutherford scattering fw,

parallelepiped were about 20 mm and the thickness was var® that trajectories of the electrons are deflected depending
ied between 1 mm and 5 mm for the experiments Thén their incident angle, and they can be backscattered to the

sphere-parallelepiped system was put on a metallic plané{pper pieces of the SEM chamber, leading to the mirror im-

connected to the ground like the SEM chamber. It is possibl%ge' Thils experiment i_sMrepea_tIe% Wti)th incrr]easing \r/]aI(;Jeﬁ of
to tilt the system in the aim of mechanical equilibrium mea-N€ accelerating potential, , unt_| the beam as reache the
sure[Fig. 1(b)]. ball surface forV,=Vs. Experimentally, for this value of

V,, the mirror image abruptly lost its standard shape. In the

following, the value of the surface potential of the sphere

after injection is experimentally determined thanks to the
The tested insulators included very pure monocrystallineappearance of this loss of shape, it will be notggl.

aluminas(sapphiresand, for comparison with the analytical

and numerical calculations in the function of the dielectricD. Important remark

constant values, quartz monocrystal, oriented along the pi-

. . . -~ . Itisimportant to note that each point of the experimental
ezoelectric axis. The sapphires were annealed at 1700 °C I(purves corresnonds to a complete experiment. Chardes have
air during 24 h to control their ability to trap chargésThe P P P ' 9

sphere was a ball of Al52100 steel. Before the tests, thglways been injected in one go. The results have been com-

metallic ball was cleaned in solvent, then the insulatingpletely different in the case of multiple successive injections,

sample and the ball were annealed together, in a vacuum, P’]m they will not be presented in this article.

the SEM chamber to minimize the §uperf|g|al contamlnatlon]“. MODELIZATION

The secondary-electron emission ratio for the metallic
ball (measured in preliminary experimgénias about 36% For a better understanding of the experimental results,
for an incident energy of 30 keV of the primary-electron the analytical calculation of the simplified system of a me-
beam. During all of the experiments, the maximum valuetallic sphere lying on an infinite dielectric plane will be con-
reached by the surface potential of the ball was about 9 ke\sidered. However, it has been found that the accuracy of the
It was corresponding to a minimum initial kinetic energy of approximation is only sufficient for a very thick dielectrical

Il. EXPERIMENT

B. Materials
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sample. For a thinner insulator, the presence of the groundec
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metallic plane has a major influence, which has been evi- ‘}:‘"“'é‘:'sﬁ'}v"%Ah’«V‘}
denced with the finite-element model because of too com- !wﬂtqﬂ%‘k4$"v“ <IN/
I lytical D AWAVAV‘>
plex analytical ones. Y ‘gﬁﬂ“h "v‘ﬂ .
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For the analytical calculation, we have supposed that the R ?Qﬁ%’%&ﬁ&;ﬁ%ﬂ%&gﬂﬁ%ﬂ \
. . . . . CRK )
dielectric slab is thick and wide enough to be regarded as a a‘;’:;’;‘,f:%ﬁwégggﬁé‘g}gg%‘hﬂ‘"ﬁr(‘w
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semi-infinite plane of the insulator. The analytical calculation 5::‘ﬁ,%gggggggyggﬁéggwet
. . . . . AAGK Vi, E
did not take into account the contribution of the metallic 'ili%é.féf%‘?%s?:ég&}%}ié‘%’%v_%‘ ﬁ@h»
. . . . AR ERORD -
plane placed under the dielectric, so it was used as a valida P R M ATAT VA st
tion of the numerical calculation in the case of a very thick | ¢ y ‘3*1""’%;-:"“5"**'%:%;2:::ié?ﬁ;ﬂ%%ﬁ:‘:.%ﬂ‘l%ﬁ#f&'%?ﬁ;
insulating sample. It has been also useful for understanding 2 '%e%?%%ﬁé?bﬁeé%ﬁz&iéség
: : : - > S e L PR S PP NS
the experimental results for high quantities of injected & : AR X RIIRB B K
A KRRk
charge, when charges are supposed to be transferred from th AT S SN v AT AV
metallic ball to the dielectric N e T
' : , N e S Sy AV vV
The sphere—plane system has been studied by Durand it m;gg:},ﬁgﬁ,;a;gvggg;ega»:%' AR
REE .
the case of a metallic ball and metallic plane at a distdnce . KRR SRR, SRR, REERPO R

a long time agd’ However, in the case of contact between a
sphere and a dielectric plane, it has not been possible to
directly use his expression. Similar to the recent work of
Bacchetta in the case of the interaction of a metallic ball with

a dielectric plane but with no contact, and similar to the¢ase of very high energetic electrons, the Monte Carlo simu-

calculations of Durand, we have solved the problem of dation and the experimental results have shown that the pen-
ation distance of electrons in the dielectrics was less than

metallic sphere in contact with a dielectric plane by using®

FIG. 2. Detail of the finite-element mestriangle of second ordgr

two infinite series of “image charges!®!® Details of the 1 um?® So, for the less energetic electrons of this experi-
calculation are given in Appendixes A and B. ment, it has been supposed that the implantation distdnce

So, it has been possible to establish the relation betweedf the charges in the insulator was smaller than the radius of

the total charge injected in the sphe@y, and its surface the metallic spher&, d;<R. Equation(3) gives the expres-

potentialV/ in the presence of the dielectric plane. BecauseSion of the surface potential of the metallic sphere in the

of the experimental resultésee Sec. 1Y, two cases have Presence of the injected char@e staying in the sphere and
been consideredirst, it was supposed that there was no the trapped chargQ, in the insulator:

charge implanted in the dielectric, all the injected cha@es
staying in the metallic spher&X..,= Q;), seconda part of

the total charge was supposed to be reemitt€l,.

— Qeemitie Qi) and a part of this reemitted charge was sup-Th

posed to be introduced in the insulator. This implantedthe sphere is the usual one established by Landau and

Vs

1 ( -A Q 2 Qt) 3

N1-A) R e+1R

e contribution of the charg®; to the surface potential of

_47760

charge in the dielectric is assumed to be a single ch@xge Lifshitz** The electrostatic force follows

(for trapped charge placed just under the contact area.
In the first case, the relation between the injected charge
Q; in the metallic sphere and its surface potential was

In
VA ———cY @ wi
4d7egR IN(1—-A) fini

1

F= 1reR?

S

A2, 2
(In(l_A)) QiKE_ Er_l_:LQiQt

the next section, the results of the analytical calculation
| be compared with the potential values obtained by the
te-element method, for very thick insulating parallelepi-

with A= (e, —1)/(e,+1), € is the dielectric constant of the Ped, and experimentally.

insulator, andR is the radius of the sphere. In this case, there
is an attractive electrostatic force between the metallic sphere
and the insulator plane, due to the attraction between “imB-:
age” charges, it can be expressed by:
E 1 A
"~ 4megR?\In(1-A)

Numerical model

The effects of the presence of a metallic sphere in con-
2 tact with an insulator sample lying on a grounded metallic
QK., (2)  plane were analyzed using a numerical model with axial

symmetry presented in Fig. 2. For the numerical calculation,

whereK, is a constant that depends only on the dielectrica sphere of radiuR=1.74 mm is put in contact thanks to a
constant of the insulatdsee Appendix A For example, for plane part(diameter of the plane part of the spheik:
a sapphire ¢, =10), we have obtainel ,.=4.69, for quartz =1.56 mm) with an insulating disk of a diametdd
(,=4.3),K,=0.91. =20 mm and of a thickneds. The dielectric constant of the

In the second case, the cha@eimplanted in the insu- dis
lator was supposed to be a single-point one and to be placedll

k is notede, , the insulator is placed on a grounded me-
ic plane, and the grounded walls of the SEM chamber are

at a distancal; under the center of the contact area. In theconsidered to stand at a distance of 100 rfalectrostatics
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FIG. 3. Experimental curve of injection of electrons in a metallic sphere

placed on an insulator sample FIG. 4. Variation of the capacitance vs the sample thickness.

A. Relation between the injected charges

o ) _ and the surface potential of the sphere
results are minimally influenced by the distance of the SEM

chamber as soon as the distance is high enough, this condi- The first part of the curve relating the surface potential
tion being verified in our SEM Vs of the sphere and the total injected cha@g.,, has
The numerical simulation was performed by solving peen precisely interpret'ed py consideripg that the total in-
electrostatic Laplace’s equation with two-dimensional finite-/€cted charge was staying in the metallic balla=Qi)-
element package “Fissure” developed in CEGEP®2The The linear variation of the potential versus the injected
potential differenceV is applied between the sphere andCcharge has been expressed in term of capacita@pe:C
ground. From the potential distribution, electric fied is V|s. In this case, the results of the numerical calculations of
calculated along axis of sphere—disk—plane system. The c#€ capacitance are presented in Fig. 4 for its variation with
pacitance between the metallic sphere and insulator disk 1€ sample thickness, and in Fig. S for its variation with the

deduced from electrostatic energy calculated on the stud§fi€lctric constant. . .
domain. The influence of the metallic holder just placed under the

dielectric sample, is clearly evidenced in the Fig. 4. As ex-
pected, the simplest case of the semi-infinite dielectric plane
obtained by analytical calculation appears to be the
asymptotic case in the limit of very thick insulator. Note also
IV. RESULTS AND COMPARISON WITH MODELING the good agreement between experimental and calculation

: i . Yalues. The experimental values were deduced from experi-
Figure 3 presents the variation of the surface potentia

V|s (measured experimentally as described in Sec) Ne3-

sus the total charg®,, injected in the metallic sphefgre- 0.9

cisely known because of the adaptation of the SEM to the . Lo 1mm

SEMM method. As shown in Fig. 3, the experimental curve 0. {Smuldtion ="~ fommmm -
of the surface potential values versus the total injected analytical calculation
charge in the sphere presents three parts: The first one i %7 A sapphire Smm

linear and has been attributed to an injection restricted to thegy _ jexperiments * sapphire 1mm .~

sphere Q;= Q). the second one is situated just after the & o's'_ : quartz'f,mma ,.—A"'
slope break of the curve, and finally, the third part of the g 0.5 -
curve is approximately linear and parallel to the first one. &

In Sec. IVA, the interpretation of the first part of the & 0.4+

curve will be done with the help of the analytical and nu-
merical results. A complementary measure of the injected 937
charge in the sphere has also been done and will be devel ]
oped in Sec. IV B. i i . i
The second and the third parts of the curve have been 0 2 4 6 8 10
related to a charge transfer in the insulator or to a dielectric
breakdown of the medium surrounding the sphere—plane sys-

Fem Qi+ Qt=Qyota) - This important point will be discussed Fig. 5. variation of the capacitance vs the dielectric constant and the
in Sec. V. sample thickness.
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ments on a sapphire sample with respective thicknesses efG. 7. Grounded current curve in the case of sappk@efotal injection in
4,94 mm and 1 mm, and the calculations have been pethe metallic ball andb) Sharp decrease attributed to the release of electrons.
formed for a dielectric constant value,= 10, which is the

commonly used average value for sapphire. Both the analyti-
cal and numerical calculations have revealed a dependengé the sphere(no breakdown or transferThey have been

of the capacitance on the dielectric constant of the insulatofPtained by using the electrostatic force given by &yand

This fact has been experimentally confirmed as shown i€ Pest fit has been reached for0.25. This result of the

Fig. 5. For both thicknesses of the sample, the agreemeﬁpgle variation still confirms that all of the charges were

between experimental and simulation values is very good fopte¥ind in the sphere for relatively small amounts of injected

sapphire €, =10). In the case of quartz(=4.3), the agree- charges. _S_|m|lar to the curve rellelltmg th(_a surface potlentlal

ment is not so good. with the injected charges quantitiésee Fig. 3, the limit
angle also presents an abrupt change, after a first linear part,

. between 2000 and 6000 pC. Section V proposes explanations

B. Measure of_the injected charge through for these changes.

the electrostatic force

As shown in Fig. 1), the plane—sphere system can bey. DISCUSSION
tilted, forming an anglex with the horizontal line. To evi-

dence the injected charge in the sph@ed in the dielectric The break of the characteristic curves versus the total

for part 3 of the curve the electrostatic force has been injected charges can be interpreted with two mechanisms
confirmed by the experimental observations. In particular,

evaluated thanks to the measure of the limit anglef slid- . -
ing and ejecting the ball on the plane. For such an angle, thie decrease of the electrostatic force, evidenced by the de-

conditions of the equilibrium have been calculated as well a§"€ase of the limit angléct. Fig. 6 for the strong quantities
the sliding conditions with or without rolling. Experimen- of injected charges, can be interpreted either by a dielectric

tally, sliding has been observed first, before the ejection opréakdown of the medium surrounding the sphereaod
the ball. The angler of equilibrium break by sliding is ob- PY injection of charges in the dielectric.

tained [cf. Eq. (5)] by writing the Newton's law and the A Breakdown of the medium
relation between the normal and the tangential reaction

thanks to the friction coefficierk, 1. Observation of electrons reemission
K The decreases of both electrostatic force and surface po-
sina—k cosa= m—F, (5)  tential of the sphere are the first signs of a decrease in the

quantity of charge in the sphere. Because of the high surface

with m as the mass of the spherg,as the gravitational potential, it can be a release of electrons, for example by the
constant, andr as the electrostatic force. Figure 6 illustratesbreakdown of the medium. Another experimental observa-
the variation of the anglex with the increasing quantity of tion, i.e., the form of the ground current curve, confirms this
the total injected charge in the sphere. This result is probablgssumption. During the injection of electrons in the metallic
the most striking one in the article because it underlines thephere, it is possible to collect the ground curfentrentl
importance of the electrostatic force compared to the weighin Fig. 1(a)]. Considering that the leakage current is negli-
of the sphere. gible, the ground current is principally an influence current

The calculated values of the anglehave been correctly created by the variation of the charge injected in the sphere—
fitted with the experimental values for small amounts of in-plane system. For the injection in the metallic ball, a typical
jected charges, i.e., when all the charges are supposed to stggound current curve is presented in Figa)7 It has a form
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of step, corresponding to total injectiqgexcept secondary 7000

emission of the metalof the charge in the metallic ball. | ®  experimental values
Sometimegcf. Fig. 7b)], a sharp decrease of the ground  so00q -~ soligt;ylir;_dzr

- P { e empty cylinder Jotide
current appears, it has soon been related to electron emissic s single point charge e

in the chamber of the SER.The burst of the ground current
appears randomly in part 2 of the curve shown in Fig. 3, but ~
systematically in part 3, it never appears in part 1. In this g
particular arrangement, the burst of the ground current coulcg 3
be interpreted as a release of the electrons, for example, be™
cause of the breakdown of the medium.

In this case of strong trapping of charges in the sphere,
the ground current curve can be used to evaluate the quantit
of chargesQjin: trapped in the sphere before the burst,
thanks to the following relation:Qym(t)= 1/ [gl4dt, S S SO
where\ is an influence factor depending only on the param- Accelerating potential (V,)
eters of the experimertivorking distance, thickness, and di- *
electric constantandt is the burst time. So, it has been FIG. 8. Mirror 16=f(V) plot of the charges injected in the dielectric plane.
possible to determine an average limit value of injecteOijparison betv_veer_1 experimental and calcqlated values, in a model of
charge in the sphere before the burst of the ground current. I|i_1?unlt|pole approximation, for different geometries of the charge implanta-
the case of sapphirenE4.94 mm), the average limit value '
is aroundQjiy,it= 5890 pC.

B. Injection of charges in the insulator

Even if it seems very clear that breakdown occurs for

high amounts of injected charges in the sphere, another ex-
2. Breakdown initiation perimental fact suggests a simultaneous injection of charges

in the dielectric plane.
_ For high amounts of |nJected.charges, the surface poteni' Direct observation of electrical charges
tial V|5 of the sphere becomes higher. It can reach the value
of the breakdown voltage of the medium surrounding the Indeed, after the injection of charges in the metallic ball,
sphere. Several parameters of breakdown initiation are imhe system has been tilted, and the angle of sliding and eject-
portant, such as the shape of the sphere, the local roughne#J the metallic sphere can be measured as shown previously.
the presence of metal—dielectric junction, and the surroundimmediately after ejecting the ball, the dielectric sample has
ing medium® For example, Dascales@t al® have shown been observed with the electron beam of the SEM and elec-
that the radius of the sphere influences the limit of breakirical charges have been imaged. At low magnification, their
down between a metallic sphere and a grounded plane in afrightness has confirmed that they were electrons. These
In our case, the medium is a high vacuum, with a pressurgharges were located just in the previous position of the
around 10° Torr during the experiment in the SEM. Be- sphere. However, when reducing the observed area to those
cause, in such an environment, the spark formation process @ectrical charges, they have also led to the occurrence of a
dominated by all the precedent parameters, it seems inaddirfor image. The strong stability of the observed mirror
equate to define the breakdown strength of a high vacuunVith the increasing accelerating potentig] is a sign of an
However, in that pressure range, some researchers have fgiection of the charges in the bulk, under the surface. For
ported breakdown fields on the order of 3—5 MV{compa- comparison, charges generated by triboelectrification, which
rable to aij. The numerical calculation for a metallic sphere €@n also be observed as shiny spots, are very unstable under
lying on a sapphire plane gives a maximum value of thethe electron beam, and their corresponding mirror image can-
electrical field at the contact between the dielectric plane anfot be focalized.
the metallic spherée,,,,=987XV,5. With such a relation
between the electric field and the surface potential, the breal& Localization of the charges implanted
down of the medium, considering a dielectric strength of 51 the dielectric

MV/m will be reached forQ,y, in the range of 3000 pC. It Figure 8 presents the variation of the geometrical char-
corresponds approximately to the limit of the linear part 1 ofacteristic of the mirror versus the accelerating potential in the
the Fig. 4. case of sapphire. The careful study of the mirror plat 1/

However, it appears from a reading of the review of =f(V) (obtained after the ejection of the metallic sphere
Farrall, that the dominant factor is the smoothness and thkas led to an approximate quantity of trapped charges, in the
characteristics of the materigf$Roughnesses of a small ra- insulator, in the range of 200 pC. As described in some pre-
dius curvature or metal—dielectric junction cause field convious studies, when the mirror is destabilized by a too high
centrations. If the radius is sufficiently sméibr example, at accelerating potential, some remaining charges have been
the part plane sidethe field can be high enough for field observed, located on a circle whose diameter corresponds to
emission, which gets enough electrons out to provoke breakhe one of the plane part of the metallic sphémetedd in
down. Fig. 2). This fact suggests that the injection has preferen-
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tially been effective at the metal—dielectric contact areaation of the injection are injected once again in the metallic
where the curvature radius of the junction was the smallestsphere only.

For verifying the preceding idea, the evolution of the For part 3 of the curve linking the surface potential and
curved part of the mirror plot has been interpreted in a modethe total injected charges, the surface potential follows the
of multipole approximatiori? The curved part has been mod- electrostatic Eqs(3) and (4), with Q;= Qta— Qreemites AS
eled with two different distribution geometries of the trappedshown in Fig. 3, the analytical calculation, issued from the
charges. The first one is an empty cylinder of internal diam{precedent reasoning, correctly fits the experimental values.
eterR, height about,~1 um (cf. remarks on the, value in  The differences between estimation and experiments could
Sec. IllA) and thicknesse~d,~1um, too (external be related to the random part of the amount of reemitted
diameter= R+ e). This geometry represents an injection only charges.
from the surrounding plane part of the sphere. The second In the same manner, for part 3 of Fig. 6, the limit angle
geometry of the implanted charges in the insulator is a solidv has been well fitted for an electrostatic force obtain by Eq.
cylinder of diameteR and heightd,, corresponding to the (2) with Q;= Qota— Qreemitteas If the contribution of the im-
injection from the total junction area. Attaret al>* have planted charges in the dielectric is neglected or by @j.
calculated the quadrupole contribution to the potential thatvith  Q;= Qiota— Qreemitted™ Qiotar— 5890 PC  and Qyapped
can be writtenVo[Q/r —BQ R(Z,] for a charge distribution =200 pC.
with a cylindrical symmetryQ is the total chargeR, is the
radius of the charge distribution,is relative to the center of VI. CONCLUSION
chargesr?=x2+22 and 3 is a parameter depending on the

distribution shape. They have deduced an expression of thseultslnh:]vi Ft))r:(\algouiSv:r?C(;uoonncSe’rﬂ:JnalIizzvehaeg%ggigwitggrrr(ia|;
mirror plot: 1d=[V/AQ—28R3], we have found B g ghep 9

o 2io2 . . . when a charged object is put in contact with an insulating
— .1/12(6 di/R*) for a solid cyhndgr of radiusk and material. From the fundamental point of view, the interaction
heightd,. In the case of an empty cylinder, we have calcu

- mechani I in th :
lated =1+ e/R —1/12d?/R? + €%/2R?. In our caseR is mechanisms can be analyzed in three stages

in the range of millimeter and is in the order of microme- (1) For a low charged object, i.e., having a low surface po-
ter, like d;, so thatB~1. Figure 8 shows that the empty tential, no charge transfer is observed between the two
cylinder geometry fit better with the experimental curve,  bodies: Electric charges remain in the charged object.
confirming that the injection in the insulator has been located For instance, in our steel-sapphire system, these limits
in the circumference of the contact area. are, respectively, a charge inferior to 2500 pC and a sur-
face potential inferior to 4.5 keV.
(2) Beyond these limit conditions, breakdown might appear
but presents an uncertain feature. It may occur when the
C. Proposed mechanism for high amount of injected potential and the electric field are sufficient to induce a
charges in the metallic sphere breakdown, starting from favorable sité®r example,

Because of the previous experimental observations, a Microasperities or induced by circumstanceginad-
mechanism of charge transfer could be proposed in the case €duate surface decontamination, Efe. Then, the
of a high amount of injected charges in the sphere. First, Ccharges presentin the object suddenly spread out in the
charges are injected in the metallic sphere only, the surface Surrounding space. _
potential of the sphere increases following the linear law{3) Béyond a critical quantity of chargeQ(=6000 pC) in
Q,;=C V,.. When the surface potential reaches a value suf- OUr experiments the breakdown appears systematically.
ficient to initiate the breakdown of the surrounding medium, This t_)reakdown is not only characterized, as previously
the totality of the charges already present in the metallic ~described, by a release of charges, but also by a transfer
sphere are ejected through an electron emission in the cham- and trapping of charges into the insulating material. This
ber and a small injection in the dielectric. This injection is  @PPing, as proven by the mirror effect, corresponds to a
favored by the point effect at the metal—dielectric junction. ~ Stable and deep space chatgbout 200 pC in our case
Clearly, the field emission takes a preferable place at the located in the bu!k,_ un_der the object/material interface.
circumference of the part plane of the metallic sphere. The effect of the injection mode of chargespeed, step

The situation is now the followingi) the sphere has lost by step, etg.on the breakdown initiation is in progress
the majority of the previous injected charges NOBghmies because it seems to be a determinant parameter.
the experimental value d® ecemitted COrresponds t@ cemitted
= Qjimit=5890 pC for sapphire, leading to a maximum elec-
tric field value in the range of 10 MV/r(cf. Sec. IVAJ. (ii) (1) An electrostatic adhesion between the two bodies in con-
Some charges have been implanted in the dielectric, they will tact is obvious and can induce triboelectrification
be noted Qqappeg @and their amount is aroun®yapped effects®
=200 pC. It is difficult to evaluate the number of electrons(2) Uncontrolled breakdown causes a high electric field
per unit area, because of the uncertainty about the location of which favors damaging of systems, for example, elec-
their injection(cf. Sec. IV B 2. For instance, considering the tronic systems, present in the surrounding impact zone.
empty cylinder hypothesis, that would represent roughly(3) The transfer of electric charges into the insulating mate-
about 107 e/m?. (iii) The charges issued from the continu- rial creates a space charge which can change the surface

From the technological point of view:
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properties(surface energy, adhesion, friction coefficient, 1

aiq
wetability, etc),®?® the bulk properties(toughness, F=1 > (2R—AI-J—A 72
breakdown resistance, eté°~?% and their release is a o e
determining factor for the aging of insulating materials. 1 A 2 5
~ 4megR?\In(1—-A) QiKe, ®
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In this second appendix, the following system is consid-
ered: a metallic spher@adiusR), containing an electrical
APPENDIX A chargeQ; = Qita— Qreemiteq @nNd lying on a dielectric plane

Th tical calculati £ th ¢ ial of th (dielectric constang,) but containing a trapped char@ .
€ analytical calculation of the surface potential of the zg specified in Sec. lllA, the charg®; implanted in the

metallic §phere c7an be found in Durapds book in the case of g jator was supposed to be a single-point one and to be
a metallic plané. In our case of an insulator plane and of

- laced at a distance, under the center of the contact area.
contact between the sphere and the plane, the positions of t}? o2

) h i th h Hide € The principle of the calculation is the same as in the
Image charges remain the Same, nowever, a coefl nt previous appendix. A first double series of charge# the
=(e;,—1)/(e,+1) has to be introduced because of the

. ) : sphere andj; in the dielectric is considered to evaluate the
d|electr|c_—ve_10uum mter_face. . . ., effect of the charg®); located in the sphere. The charggs
In this ﬂrs.t appendix, the _folllowmg systgm Is consid- andqg{ and their respective positions; are defined by the
ered: A metallic §pher§, contalr_ung an electrical chae previous recurrence relatigl) except for the value of; .
and lying on a dielectric planéielectric constank,) (Q;

- but taini h We h dapted B A second double series of charg¢® in the dielectric
_Q“’ta,')’ ut containing no charge. We have adapte aCI’:mdqid in the sphere is used to calculate the field and poten-
chetta’s formalism to our problef.The field in a vacuum

. . tial due to the implanted charge in the dielect@¢. If the
and so the value of the potential of the metallic sphere, CaBoint chargeQ, is ?situated at agdistand§+ d, vertﬁcally to
e e e s o RS e e cetrof e spher, e vales ana posis e

i . .Id d . .
the charges are defined by the recurrence relations: chargest; ™ andg; are defined by the following recurrence

relations:
( ) 1
. = ! R >
Qi+1 Aqli-l—l’ >0, rq-d At (R+dy) s
1 i+l Hi+1)R+d,]’ :
I=—Alg,—, i>0, 6
{ di A3 (6) ) q.’d:—Aiqd(R+dt) 0 ©
i ! [iR+d’ '
\Ai+1:mR, |>01 Ad B R(IR+dt) ~0
T+ DR+

whereR is the radius of the spherd, is the distance of the

chargeq; to the center of the sphere. The chaggjeis sym-  with qS=2/e,+1Q,. In this case, the value af; is defined

metrical tog; in relation with the interfacial plane. by the re|ati0nQi=2i>1Qi+Ei>1qid- In the approximation
Because of the experimental conditions, it has been sup, <R, the potential value of the sphefevaluated in its

posed that the injected char@k in the sphere was known, centej:

and the potential was unknown. So, by writin@;

=2,-1Q;, it comes:q;=—A/In(1-A) Q. P . x o
The potential of the sphere has been evaluated in its VSZZ gi + i _
center: =1 4me(R—A)) =1 4meg(R—AY)
_ @ _ 1 A =- Qi+ Q- (10
VS_ZL 47T€0(R_Ai)_ 4’7T€0R In(l_A)QI (7) 47TEoR In(l_A) e+t1

The electrostatic force undergone by the sphere is assumédhe electrostatic force undergone by the sphere is assumed
to be the sum of the elementary Coulombian forces betweeto be the sum of the elementary Coulombian forces between
two single-point charges, one situated in the sphere, the setwo single-point charges, one situated in the sphere, the sec-
ond in the dielectric. ond in the dielectric.
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1 aid;
F_477602i 2 (2R—A;—4A))?

L v qf'a;
4’7760 i ] (ZR_Al_AJ)
L v aiq;°
4’7760 i i (ZR_Al_AJ)

1 qq;
For d;<R, it comes:

- 1
 AmegR?

A\ 2
(In(l_A)) Qi Ke_inQt ’ (11)

whereK = =3, A0 D=1ij/(i+])?, as in Appendix A.
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