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Abstract 

The micro-electrical properties of BaTiO, have been 
studied using the remote electron beam induced cur- 
rent technique. D@culties associated with applying 
this technique to low resistance, inhomogeneous 
ceramics are discussed and illustrated with the exam- 
ple of PTCR materials. At temperatures above the 
Curie temperature, contrast steps corresponding to 
resistive interfaces are observed with d@ering sensi- 
tivities according to the imaging conditions used. 
The image noise decreases and the current sensitiv- 
ity increases with the sample resistance. Remote 
electron beam induced current contrast in BaTi03, 
showing the high resistivity transition does not 
occur uniformly as a function of temperature across 
all grain boundaries. 

Introduction 

Semiconducting barium titanate and related 
phases are important electroceramic materials 
which have been used for their positive tempera- 
ture coefficient (PTC) of resistance properties in 
applications such as over-temperature protection 
and current limiting devices for over thirty years,’ 
and are still very important technologically.2 The 
most widely accepted model of the PTC effect, 
due to Heywang, 3 is of back to back Schottky 
barriers at grain boundaries due to a build up of 
negative interface charge. This gives rise to a 
potential barrier whose height depends on the dielec- 
tric constant. Since the dielectric constant changes 
abruptly at the phase transformation, the barrier 
height and resistivity change accordingly. This 
model was extended by Jonker who also consid- 
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ered ferroelectric effects below T,, where sponta- 
neous polarisation reduces the expected potential 
barrier height.4 

However, while the gross behaviour is well 
explained by these models, sensitive structure aver- 
aging techniques such as impedance measurements 
reveal that they do have some shortcomings.5m7 
The introduction of modified models, such as that 
of Daniels and Wernicke’ have caused a parallel 
search for explanations of the PTC effect at the 
grain level due to the strong effect of heterogene- 
ity on the electrical properties.’ TEM investiga- 
tions clearly show the ferroelectric domains below 
T, and also that there is no intergranular phase 
present of width greater than 2-10 nm.” Cathodo- 
luminescence microscopy has been used to observe 
grain boundary potential barriers in PTC mate- 
rial.” EBIC has also been used to view the domains 
and grain boundaries. l2 However, none of these 
studies offered direct observation of the resistive 
properties of such materials. 

In this paper we discuss the practicalities of the 
application of a little used variant of the EBIC 
technique which allows direct observation of the 
resistivity changes of individual grain boundaries 
as the resistive transition progresses, allowing 
detailed determination of device homogeneity. 

EBIC Phenomenology in Ceramics 

The well-known charge collection imaging mode 
of the scanning electron microscope (SEM) is 
often applied to the microcharacterisation of semi- 
conductors. In this mode the impinging electron 
beam generates a multitude of electron-hole pairs 
which can then be separated by built-in fields such 
as those at pn-junctions. By using a suitable con- 
tact geometry, charge collection currents several 
orders of magnitude larger than the beam current 
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Fig. 1. (a) Specimen configuration and (b) equivalent circuit ~._ 
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can be obtained in a technique called electron 
beam induced current (EBIC).13 In the case of 
less-well characterised materials such as electroce- 
ramics, the absence of suitable built-in fields, and 
much larger recombination centre densities mean 
that the usual charge collection mode geometries 
do not always work as effectively, or at all. How- 
ever, a technique first used by Matare and 
Laakso14 and subsequently termed remote electron 
beam induced current (REBIC) by Bubulac and 
Tennan?’ can be employed. 

If the specimen has two closely separated 
contacts as shown in Fig. l(a), it will have an equiv- 
alent circuit as shown in (b), where Rg represents all 
resistances between the scanned region of the inter- 
electrode observation area and earth via the earth 
electrode, and R, all resistances between the 
scanned area and earth via the amplifier. R,, and 
R,, are the components of the scanned area resis- 
tance (total R,) immediately to the left and to the 
right of the impinging beam. The specimen acts as 
a current divider with the net current injected by 
the electron beam flowing either directly to earth 
through the left contact or to the right through the 
low input impedance current amplifier. The pro- 
portion of & reaching the amplifier is used to mod- 
ulate the signal on the viewing screen and results in 
a contrast gradient. In some ceramics, electrically 
active regions cause charge collection contrast due 
to separated electron-hole pairs. Such contrast 
would be superimposed on the resistive baseline,16 
and has been observed in ZnO varistor material, 
for example, l7 where the presence of grain bound- 

ary barriers can be satisfactorily explained by grain 
boundary EBIC models.‘* However, frequently 
such contrast is not seen and only effects due to 
the passive resistance component of the interfaces 
are observed. In this case the imaging method can 
be referred to as resistive contrast imaging (RCI).19 

The RCI quality is affected by four factors, as 
described below. 

Current sensitivity 
If we consider the case when the scanned area is 
the total width of sample between the contacts, it 
can simply be shown, using the terminology of 
Fig. 1 that the currents which flow through the 
amplifier when the beam impinges on the sample 
adjacent first to the left and then the right contact 
are given by 

4eft = ICI 
4 

R, + R, + R, 

Iright = IO 
R, + Rs 

R, + R, + R, (2) 

In the case of BaTiO, the sample resistance, R, 
varies widely with temperature, which causes the 
imaging characteristics to vary. We can define a 
quantity called the current sensitivity, S, 

s= 4ight + heft 

Ib 
(3) 

where Ii, is the beam current. The current sensitivity 
describes the possible current variation, and hence 



Problems with imaging resistive barriers in BaTiO, PTC ceramics 619 

contrast, across the sample as a fraction of the 
beam current, and must be larger than the noise 
floor for meaningful images to be observed. 
Although the noise generated by a typical amplifier 
may only be of the order of picoamperes, as will be 
seen later, the observed noise can be affected 
greatly by the sample resistance. It is thus often 
necessary to work with beam currents of several nA 
and larger which in turn limits the spatial resolu- 
tion. The effect of noise is much more important 
than in charge collection imaging of semiconduc- 
tors, in which charge multiplication causes a gain 
of about 1000 over the beam current level. In con- 
trast, RCI of electrical ceramics leads to signals of 
the order of the beam current. In the case of 
BaTiO, PTCR material, a typical sample mounted 
in the SEM may vary in resistance from 301R below 
the Curie temperature to 30 ka above it. From 
eqns (l-3) using R, - lOa, R, = 4Os1 and ZJZb-0.8 
this gives S values of 0.3 and 0.8. Thus the current 
sensitivity is changed by a factor of 2.7, as is the 
image contrast, on crossing the phase transition. 

Geometrical effects 
For a given specimen the largest current sensitivity, 
and hence the largest current contrast, will be seen 
if the electrodes are at the image edges. If the field 
of view spans only part of the electrode separation, 
the current resolution will be reduced proportion- 
ately, i.e. neglecting contact resistances 

S’=SW 
D 

(4) 

where w is the image field-width and D the inter- 
electrode spacing. Thus it is important indetailed 
work to locate the electrodes as close together as 
possible. Unfortunately this configuration limits 
flexibility in aereal imaging and reduces the over- 
all resistance of the sample which gives rise to 
further difficulties as described in the next section. 

Amplifier limitations 
For specimen resistances which are small compared 
with the input impedance of the detecting amplifier, 
both amplifier noise and the input offset voltage 
which appear at the inputs of the operational ampli- 
fier are magntied in effect. The equation describing 
the noise amplification is of the form 

V output noise 
R, -I- R, + R, 

(5) 

where R, is the sample resistance and RFB is the 
amplifier feedback resistance (Fig. l(b)). The value 
of R,, fixes the amplifier gain, and a typical value 
for RF, under our experimental conditions would 
be 100 Ma. Thus, for the case of the PTCR 

described previously, the output noise increases by 
a factor of 1000 in the low temperature, low resis- 
tance state compared with its high temperature 
variant. A similar relationship exists for the 
amplifier input offset voltage which changes as the 
sample resistance changes. Although the latter 
can, in principle, be corrected by applying an ap- 
propriate back-off current, in practice for PTCR 
materials undergoing the phase transformation, 
the steepness of the change of resistance with tem- 
perature means that the signal drifts over a large 
range with small variations in the sample tempera- 
ture leading to excessive signal instability. 

One way to circumvent this is to add a resistor 
in series with the sample which will reduce the 
noise and signal instability. Additionally, this will 
decrease the total current sensitivity by making 
the specimen a smaller part of the overall current 
divider circuit. For example, whilst reducing the 
noise substantially, adding a 1 kQ resistor would 
change the current sensitivity values from 0.3 and 
0.8 to 0.022 and 0.77 using the sample resistance 
values previously cited. It is thus possible to 
extend downwards the range of sample resistances 
for which useful images can be obtained. How- 
ever, because of the close interdependence of the 
noise and sensitivity, the optimal resistance value 
required is usually a compromise. 

Backscattering contrast effects 
On average, around 20% of the beam current is 
lost from the sample by re-emission as backscat- 
tered or secondary electrons. The RCI current will 
be reduced in regions where a large proportion of 
the incident beam current is lost. Grains with diff- 
erent backscattering coefficients will, as a conse- 
quence, show different contrast in the RCI image 
for which a correction must be made. This can in 
principle be achieved by taking a specimen current 
image (by removing the earth contact so that all 
the absorbed current must flow to earth through 
the amplifier) and using it to adjust the measured 
RCI signal intensity at each point according to 

‘R z, =; 
s 

where Za and Za’ are the true and measured RCI 
currents respectively, and Z, is the local specimen 
current. Such corrections are small for materials 
which are predominantly single phase. 

Experimental 

Polished samples with a 3 mm electrode spacing 
were prepared from a commercial PTC thermistor 
device with a Curie temperature of 80°C. These 
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specimens were mounted on an Oxford Instru- 
ments HlOOl heating stage, and electrical connec- 
tions were made using a micromanipulator with 
fine tungsten probes. A Matelect ISMS EBIC am- 
plifier was used to amplify the input signal for the 
SEM. 

Subsequently the current sensitivity was 
increased for higher magnification imaging by 
reducing the contact separation. This was achieved 
by producing an array of closely spaced ohmic 
contacts on the sample surface by careful cleaning 
and evaporation of aluminium onto a polished 
sample using a fine TEM grid as a mask. 

Results and Discussion 

Fig. 2(a) is an RCI image of a region of the 
polished sample taken with the sample heated to well 
above the Curie temperature. The inter-electrode 
spacing is approximately 3 mm left-right in the 
image. The contrast gradient from left to right is 
clearly visible, as are the resistive interfaces where 
abrupt steps in the signal occur. The width of the 
steps is much larger than the grain size and so at 
this sensitivity we see clusters of grains of similar 
grey-level bounded by interfaces with intensity 
steps. This effect is sometimes referred to as 
terrace contrast. 

As the imaging temperature is decreased, the 
substantial decrease in sample resistance results in 
the image becoming more noisy as predicted, 
along with a parallel decrease in the current sensi- 
tivity. However, once this decrease in current sen- 
sitivity (Fig. 2(b)), is corrected for, the terraced 
microstructure can be seen to persist to quite low 
temperatures until it is lost ultimately in the noise 
floor. It is thus not clear whether the terraced 
structure disappears altogether at lower tempera- 
tures, or it is simply beyond the capabilities of the 
imaging technique to observe it. Thus the terrace 
structure imaged in this way is not necessarily 
related to the PTCR effect, but may be linked to 
some intrinsic microstructural feature, such as 
relics of powder agglomeration prior to sintering.20 
It can be seen from Fig. 2(c) that on increasing the 
magnification, using this specimen configuration 
little extra information is seen; contrast is poor 
with effects only visible at some interfaces. This is 
due to the lack of current sensitivity when observ- 
ing a small region between widely spaced contacts 
(see eqn (4)). 

Figure 3 shows the results of a further examina- 
tion of the same material at higher magnification 
and higher current sensitivity. This was achieved 
by using more closely spaced contacts as previ- 
ously described. A sequence of reproducible 

(a) 
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Fig. 2. (a) RCI image between widely separated contacts on 
BaTiOs at 140°C showing terrace contrast. (b) is the same 
area at 110°C where the contrast of the lower half of the 
image has been scaled to allow for the decreased current sen- 
sitivity. The image also shows the increased noise associated 
with the lower sample resistance. (c) is a higher magnification 
image of a region from (a). Scale bar (a) and (b) = 100 pm, 

(c) = 10 pm. 
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Fig. 3. (a) Secondary electron image showing the grain structure, with the contacts labelled ‘L’ and ‘R’. The left contact is par- 
tially covered by a probe. (b-f) are a series of resistive contrast images at 110, 120, 130 and 140°C respectively. In (f) ‘A’ 
is an example of a resistive barrier, while ‘B’ denotes extended regions surrounding grain boundaries also visible in the other 

images. Scale bar = 10 pm. 

images taken in the temperature range 
llO”C-140°C where the PTCR effect is active is 
shown. Figure 3(a) is the corresponding secondary 
electron image, showing the grain structure and 
the positions of the two contacts ‘L’ and ‘R’, of 
which the former is covered by one of the micro- 
manipulator probes. Several features are evident. 

The REBIC images in Fig. 3(b-f) show that as 
the temperature increases the image becomes less 
noisy, and the contrast gets stronger, in accor- 
dance with the earlier discussion. This is most 
clearly evident by comparing (b) and (f). 

Each grain boundary that increases its resistance 
leads to a new contrast step (such as that labelled 
‘A’ Fig. 3(f)) between the contact pads and a slight 

readjustment of the overall intensity gradient, 
which is .always from approximately left to right. 
In the later images of the Fig. 3(b-f), more high 
resistance grain boundaries are introduced compared 
with the earlier micrographs. It is clearly seen that 
different barriers become highly resistive at differ- 
ent temperatures, as evidenced by the change in 
the steps of the contrast profile across the centre of 
the images with increasing temperature. 

Extended regions bounded by resistive barriers 
spanning grain boundaries occur on the two verti- 
cal grain boundaries at the bottom of each image 
(labelled ‘B’ in Fig. 3(f)). Backscattered channelling 
pattern analysis showed that these regions are 
not crystallographically distinct. Their origin is 
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unclear, but they might be related to broad 
impurity diffusion zones as observed in related 
materials.21,22 

Conclusions 

The resistive contrast shown by electroceramics is 
strongly affected by the specimen resistance which 
affects both the current sensitivity and the instru- 
mentation noise. The electrode separation and 
backscattered electron current loss also need to be 
taken into consideration. Imaging conditions can 
be optimised by using specially fabricated, closely 
spaced electrodes and additional series resistance 
as well as using the largest beam current consistent 
with adequate spatial resolution. 

REBIC contrast has been observed for the first 
time in BaTiO,, showing directly that the high re- 
sistivity transition does not occur uniformly with 
temperature across all grain boundaries. Local 
grain boundary features were observed which 
might (tentatively) be attributable to a delocalised 
impurity diffusion phenomenon. 
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