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Conductive mode (CM) and cathodoluminescence (CL) microscopy techniques were used to
study grain boundary structures in a zinc oxide based varistor, doped with 0.5 mol % Bi,03
and 0.5 mol % Sb,03. By combining these two techniques specific details of the electrical
and luminescence properties of individual interfaces could be characterised. CM imaging
clearly showed the presence of potential barriers at the grain boundaries. The same grain
boundaries were regions of strong CL emission. It is suggested that the dominant CL
emission at grain boundaries in this material originates from self-excitation centres at
impurities and/or defects within the structure rather than the direct recombination of
electron-hole pairs across the forbidden band gap. © 7999 Kluwer Academic Publishers

1. Introduction bardment. When carried out in the SEM, CL occurs by
Grain boundaries in polycrystalline semiconductorsthe radiative recombination of beam induced electron-
and ceramics frequently carry a space charge due to tHele pairs, and can be classified into intrinsic and ex-
presence of interface states, introduced either as a rérinsic emissions. Intrinsic, or fundamental, emission
sult of the local crystallography or as a consequence obccurs when conduction band electrons and holes from
the segregation of dopants introduced during processhe valence band recombine radiatively, whereas ex-
ing [1]. The presence of space charge results in built iririnsic, or activated, emission involves electronic tran-
fields at the grain boundaries that are responsible fositions between energy levels specific to a given im-
many of the special properties seen in electronicallypurity atom or defect. In this regard, transition metals,
conducting ceramics [2]. For example, zinc oxide varis-well known for their coloured salts, are particularly ef-
tors show highly non-ohmic behaviour when subjectedfective at generating additional states locally [11]. In
to high voltage transients, with individual grain bound- zinc oxide it is reported that intrinsic luminescence oc-
aries breaking down to a low resistance state when aurs in a blue to near UV band and also that extrinsic
threshold voltage, usually between 2 and 4 V, is ex-emission occurs throughout the visible range, in par-
ceeded [3,4]. As such they find application as poweticular with overlapping bands centred on the green,
surge arresters [5]. orange and yellow regions of the spectrum. These are
Remote electron beam induced current (REBIC) mi-attributed in the main to zinc and oxygen interstitials
croscopy is a scanning electron microscope (SEMpr vacancies [12—15] arising as a consequence of the
based variant of the conductive mode, and is used tprocessing conditions.
observe effects due to barrier structures within a semi- In this study a combination of conductive mode and
conducting material. In using this mode, two electricalcathodoluminescence microscopy was used to inves-
contacts are attached to the sample surface on either sitigate the REBIC and CL properties of specific grain
of the region of interest and the current flowing betweerboundaries in zinc oxide based varistors in order to
them as the primary electron beam rasters the surface @stablish details of the electrical structure of specific
amplified to formthe image (Fig. 1). In electrical ceram- interfaces.
ics, two effects may be observed; a brightness gradient
between the electrodes with steps at resistive barriers,
sometimes termed resistive contrast imaging, and elec-
tron beam induced current (EBIC) contrast caused b2. Method
the separation of electron-hole pairs generated by th&he varistor sample used in this study was sintered from
incident electron beam by the built-in fields at graina powder prepared by a standard mixed oxide route,
boundaries [6-8]. Previous SEM studies of zinc oxideand contained 99 mol % ZnO, 0.5 mol %,B; and
based varistors and additive free zinc oxide ceramic§.5 mol % ShOs. A compact was prepared by uniaxial
have shown grain boundary contrast indicative of built-pressing and sintered in airrfd h at1200°C, heating
in field effects at some grain boundaries [7,9,10].  and cooling at 100C/h. The sintered pellet was then
Cathodoluminescence (CL) is the term used to deground flat and the surface polished using a water based
scribe the emission of light as a result of electron bomslurry of 0.3m alumina powder.
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Figure 1 The sample and electrode configuration used in this study for
conductive mode imaging.
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Figure 2 Details of the SEM based cathodoluminescence system.

The sample was mounted on an insulating stub and
conductive mode imaging was carried out using a
Phillips 525 SEM. Electrical contact to the sample was
made through micromanipulator controlled electrodes
that were placed directly onto the sample surface. The
collected signal was amplified using a Keithley 428
current amplifier and used to form the image.

CL images of the same area were made using a JEOL
6400 SEM fitted with an Oxford Instruments CL302
cathodoluminescence detection system, which uses a
silver plated parabolic light collector placed directly
above the sample, with the region of interest at one fo-
cus, to direct the emitted light onto a monochromator
and photomultiplier. The monochromator can be ad-
justed so that the amplified signal used to form images
can contain all the emitted light (panchromatic imag-
ing) or merely a small band of wavelenghts (monochro-
matic imaging) (Fig. 2). In this study the collected CL
signal was used to form a panchromatic image.

3-_ Results _ Figure 3 SEM images of the ZnO-based ceramic used in this study. (a)
Micrographs of the area of the varistor selected fora backscattered electron image; (b) a REBIC image of the area outlined

study are presented in Fig. 3: (a) is a back-scatterei (a); and (c) a CL image. (scale ba20 m).

electron image, (b) a conductive mode image and (c)

a CL image. The deep scratches clearly visible on the

backscattered electron image (Fig. 3a) were caused (ifines, and type Il arrowed (B) and consisting of a single

tentionally) by the micromanipulator controlled elec- bright or dark line.

trodes and act as reference markers. The CL micrograph (Fig. 3c) shows that the bright
The CMimage (Fig. 3b) shows EBIC contrast, in the CL contrast is more intense at the grain boundary re-

form of strong bright and dark lines coincident with gions than the grain interiors, indicating an increased

certain grain boundaries. Using the nomenclature oflensity of radiant recombination centres close to the

[10], the contrast effects observed are of type |, arrowedjrain boundaries. Surface damage appears in dark con-

(A) and consisting of a pair of parallel bright and dark trast, indicating that either the lattice disruption has
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guenched the CL emissions or the surface roughneshemselves act as self-excitation centres at the grain
causes sufficient scattering as to make it impossible foboundary.
the light to escape the surface locally.

. . 5. Conclusions
4. Discussion . . By combining REBIC and CL analysis techniques, de-
The grain boundary regions of this sample appear agjed information about the electrical structure of indi-
sites of strong EBIC contrast as well as enhanced Clyigyal grain boundaries in zinc oxide varistors has been
emission. The strong EBIC contrast is indicative of gptained. Both EBIC and CL contrast were observed
charge separation at well developed barrier structureg jndividual grain boundaries within the varistor. The
at the ceramic grain boundaries, and is consistent witl:g|c contrast demonstrates the existence of well devel-
accepted varistor models. The predominance of type ped grain boundary potential barriers consistent with
contrast, consisting of parallel bright and dark lines atq accepted varistor models. The strong CL emission
the grain boundary is indicative of a symmetrical struc-gpserved at the varistor grain boundaries is due to tran-
ture with equivalent barriers on either side of the grainsjtions between localised additional states, introduced
boundary. For amore detailed description of conductivgither around lattice defects or as self-excitation cen-
mode contrastin electrical ceramics, and a discussion Qfeg within dopants, and not the direct recombination of

the factors giving rise to these contrast effects the readgfeam induced electron-hole pairs across the bandgap.
is referred to previous publications [7, 8, 10, 16].
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