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Impurity phase recognition in YBCO high T
superconductors by cathodoluminescence

spectroscopy

P.R. FLETCHER, C. LEACH

Department of Materials, Imperial College, London, SW7 2BP, UK

Cathodoluminescence (CL) microscopy of YBa,Cu;0,_, using scanning electron microscopy
(SEM) and light microscopy revealed the presence of impurity grains with a strong CL
contrast. The impurities, present within internal pores of the material, were characterized by
wavelength-resolved CL spectroscopy and by energy dispersive: X-ray (EDX) analysis.
Consideration of electron-beam conditions in the SEM resulted in a full correlation of
microstructural features between the CL and electron emissive modes. Yellow CL emissions
were generated from yttria-rich phases, and blue emissions weére generated from copper-rich-
barium-cuprate phases. EDX also demonstrated the presence of silicon within the pores. It is
suggested that a glassy silicate phase is present, which may wet the impurity-phase grains. In
identifying and characterizing these impurities, the CL technique proved to be a powerful tool
in the determination of the quality of the pellet sample and hence its suitability as a target
material for the laser-ablation deposition of thin films.

1. Introduction
Low critical current densities, J, < 10° Acm™? at
liquid-nitrogen temperature (77 K) prevent the use of
YBCO bulk material and wires in high-power applica-
tions; only “high quality” thin films are able to attain
the necessary J, of greater than 10° Acm ™2 In the
laser-ablation process, the quality of the ablated films
depends upon the quality of the target [1], which is
itself a pellet of superconducting stoichiometry. Such
materials would normally be prepared by a chemical
route or, crudely, by a mix of oxides and carbonates in
the appropriate proportions which would then be
calcined and sintered. Processing routes like these in
multi-element materials generally give rise to micro-
structural and compositional heterogeneities in the
form of second phases and other impurities. The CL
technique combined with EDX analysis can provide
information about microstructural heterogeneities in
the target material that can affect the thin-film quality.
The origins of quantitative CL analysis lie in the
electronic-structure characterization of semiconduct-
ing materials. More recently, its use has diversified to
other materials [2], including high-T, supercon-
ductors, with the aim of enhancing the understanding
of their microstructures. Light emission, via electron-
beam irradiation, occurs by electron—hoie pair recom-
bination between quantum states in the energy-band
structure. The nature of the electron—hole pair recom-
bination is described more concisely by intrinsic, ex-
trinsic, direct, indirect, and intra-band transitions
[2, 3]. In wide-band-gap materials, additional states
need to be generated within the band to support
transitions in the visible range. Alternatively, lumine-

2

6774

scence can be generated by states internal to an ion.,
These self-luminescent centres, typically transition
metals, should give characteristic spectral responses
which are only slightly modified by the ligand field
[2].

Recent literature in this field has noted the presence
of strong CL contrast resulting from non-super-
conducting phases within YBCO 123 material super-
conductors. In one case [4], a luminescent impurity
grain .was resolved using CL on a YBCO pellet.
Several researchers have imaged CL emission from the
semiconducting YBa,Cu;0,_, (x > 0.5) phase [4-6]
whilst the superconducting regions have been weakly
luminescent. Induced luminescence by means of elec-
tron-beam irradiation has also been connected with
the semiconducting, oxygen-deficient, 123 phase [7,
8]. CL analysis of the starting materials for YBCO
pellet fabrication — Y,0,, BaCO, and CuO - showed
significant light emissions from the Y,0; and the
BaCOj; but not from the CuO [4—6]. Their lumin-
escence intensity was found to be a function of
stoichiometry [3, 6, 9].

At room temperature, high-7, materials display
luminescent spots. Previous studies have indicated
that these have no correlation with features in the
secondary-electron images [7, 10] of the materials
surface. Fujiwara et al. [10] found that for the
TIBaCaCuO system, the intensity of such a spot was
250 times that of the surrounding superconducting
material. They also noted that the spectral response
was different. For the YBCO and BSCCO materials,
such information about the relative intensity of the CL
emissive areas has not been presented. Compositional
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mapping via EDX of these areas in the microstructure
was not made. Miller et al. [5] discussed the import-
ance of the beam current and its effect on CL resolu-
tion together with CL imaging.

In this contribution we will demonstrate how spec-
troscopic CL can be used to identify non-super-
conducting phases within a YBCO pellet.

2. Experimental procedure

A bulk-pellet sample of YBCO was fabricated by a
conventional solid-state reaction route to produce a
123 superconducting phase material. The pellet con-
tained grains 10-20 pm in size. The surface of the
pellet was mechanically polished in order to optimize
the specimen geometry for CL analysis. An ultrasonic
bath was used to remove any polishing debris. The
polishing compounds were checked for any CL emis-
sion; none was found.

Panchromatic CL images of the sample were re-
corded in colour using a Technosyn cold cathode
luminescence stage, model 8200MK 11, fitted to a light
microscope. This was operated at 15kV and at a load
current of 200 pA illuminating approximately 1 cm? of
the sample surface.

Collection of the CL emissions was carried out
using an Oxford Instruments CIL detector, and the
wavelength was resolved by a Bentham monochro-
mator with a slit width of 2 mm. A schematic of the
overall system is shown in Fig. 1. Higher-order diffrac-
tion peaks were eliminated by the use of two optical
filters at 400 and 700 nm. A photomultiplier with a
useful wavelength range of 400 to 800 nm amplified
any emissions. The spectra presented are fully correc-
ted for the system’s wavelength response. The second-
ary-electron and CL images were generated in a Jeol
JSM 840A scanning electron microscope, operating at
10 kV with a 15 nA beam current in spot mode, for the
CL-wavelength-resolved spectra collection. The pen-
etration depth was calculated to be about 0.6 pm,
which was smaller than the grain size. This offered the
opportunity to correlate luminescent centres with sur-
face features, if possible. For each analysis, the CL
collection mirror was optimally focused.

EDX analysis was carried out in a Jeol 733 super-
Probe scanning electron microscope at an accelerating
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Figure 1 The CL light-collection system.”

voltage of 15 kV and a beam current of 2 nA, with an
Oxford Instruments AN10000 computer.

3. Results

Direct CL emission via the CL-optical-stage unit is
shown in Fig. 2. The colour version of Fig. 2 illustrates
four distinct types of wavelength response. These are
randomly distributed at points about the surface of
the pellet. Fig. 3a and b are secondary-electron and
CL images, respectively, of some of the luminescent
spots in Fig. 2. It can be seen that strong luminescence
is observed at some, but not all, of the pores in the
material. No strong CL emissions were seen to come
from the polished surface. Spectroscopic analysis of
the four CL emissions presented in Fig. 4 correlates
well with the original colour visual representation that
has been reproduced in monochrome in Fig. 2. Ana-
lysis of several emissions of the same colour showed
that their wavelength response was similar. All the
spectra contained broad bands rather than resolved
peaks because of phonon interactions. Thus no de-
tailed information concerning the electronic trans-
itions giving rise to CL were obtainable. There was no
change in the luminescence intensity over time, indic-
ating there is no beam irradiation damage [3]. Fig. 5
shows SEM images showing, in detail, that in many
cases the CL emissions can be attributed to grains
within the pores. Because of the size of some pores, the
origin of the luminescence could not be determined.
Scattering of photons arises at the pore edges, as
shown in Fig. 5b; this is related to the roughness of the
small particles. EDX analysis of the Iluminescent
grains is shown in Table I, for each of the four colours
of excitation. The EDX system calculated the amount
of oxygen by stoichiometry, and the data was correc-
ted for any signal contribution from the surrounding
YBCO matrix.

Figure 2 Panchromatic CL emission from the polished surface of a
YBCO pellet. :
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Figure 3 Micrographs of an area in Fig. 2: (a) secondary-electron
image and (b) SEM CL.

4. Discussion

Phases within the YBCO pellet displayed several dis-
tinct CL emissions in the visible range. In many cases,
it was possible to identify small micrometre-sized
grains present at the pore surfaces (Fig. 5) that pro-
duced the luminescence. Thus, the luminescent spots
could be correlated to identifiable regions in the
microstructure. Other researchers, using larger elec-
tron-beam accelerating voltages and rough surface
samples, were not able to determine the origin of the
light spots [ 7, 8]. The luminescent excitations from the
impurities were always at least two orders of magni-
tude brighter than those of the surrounding super-
conducting material which was found to be weakly
luminescent. This is in agreement with the findings of
other researchers [5-8, 10]. Variation of the electron-
beam current and accelerating voltage gave no change
in the density of the active sites present. Because of the
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Figure 4 Corrected CL spectra from the four types of luminescence
excitation: (a) the blue, (b) the green, (c) the red, and (d) the yellow
excitation.

TABLE I EDX compositions for the four CL emissions

CL emission wavelength range EDX corrected data

(nm)

Elements Ratio
Blue 420-460 Y,O 2:3
Green 500-600 Y, Ba, Cy, O -
Red 620-720 Y, Ba, Cu, O -
Yellow 500-700 Ba, Cu, O 1:3:4

low beam accelerating voltage used, subsurface pores
containing luminescent grains wereé not excited, res-
ulting .in no direct observation of spurious lumin-
escent spots. However, in some cases, light generated
in this way and totally internally reflected might es-
cape at pores.

Pressing powder and sintering it to produce a pellet
often results in impurities or residual, unreacted, com-
ponents in the microstructure which segregate to the
grain boundaries or to internal/external pore surfaces
[11]. The CL detected in this study was generated
from pores and not from the grain boundaries. This
does not rule out impurity segregation at the grain
boundaries, but indicates that the impurities need to
be in sufficient quantity in order for observation by
the CL technique. Then, their CL excitations are
distinguishable above the noise level.

The four CL emissions observed are characterized
by the four wavelength-resolved spectra, in Fig. 4, and
by the EDX data in Table I. Each of the four distinct
excitations were unique in both their energy-band
structure and their composition. The energy-band
structures for each of the luminescent excitations fell
in specific regions of the visible range. However, be-
cause of phonon interactions causing band broaden-
ing at room temperature [3], the exact energy of the
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Figure 5 SEM micrographs showing small luminescent grains: (a)
the secondary-electron image, and (b) the panchromatic CL image.

transitions and hence of the electronic band structures
could not be calculated. Increases in luminescence
intensity can be achieved by using higher beam cur-
rents or higher beam accelerating voltages but
changes in the excitation response can occur as a
result of beam irradiation damage [3]. The authors
are currently collecting further data at liguid-helium
temperatures; such temperature conditions increase
the luminescent efficiency and narrow the bandwidths
of the emissions, improving the overall resolution.
This highlights the importance of carefully selecting
the electron-beam conditions. In these cases, the
intensity may increase or decrease indicating an
alteration in the number of active luminescent sites
produced by the electron-hole pairs across the
local electronic band structure.

From the EDX data (Table I) it can be seen that
yellow emissions were the result of Y,O; phases [12]

and the blue emissions were the result of barium-
cuprate phases rich in copper. However, because of the
small grain size, only the major elements present for
the red and green emissions could be determined. The
yellow and blue emissions did have repeatable resuits
when different areas were analysed. However, in wide-
band-gap materials, CL is mainly generated at self-
excitation centres, such as transition or rare-earth
impurity atoms, and changes in the trace-element
concentration of the luminescent phases may change
their spectra significantly. Thus, while internal self
consistency was maintained in this study, there may be
differences between the spectra. presented here and
those presented elsewhere for, say, yttria, because
different starting materials are used.

Silicon, an impurity element either from the initial
powders or introduced during processing, was also
present in varying concentrations at the pore surfaces,
most likely in the form of a glassy silicate phase, as is
commonly seen in sintered ceramics.

Quantitative EDX analysis of the grains was made
difficult ‘because of their position within the pores
which resulted in poor X-ray collection. Correction
factors were calculated and used in order to eliminate
spurious X-rays that were generated from the YBCO
matrix at the pore surfaces. _

The presence of these impurities in the target mater-
ial has been recognized as affecting the quality of thin
ablated films. Loss of epitaxy and unwanted impurity
phases may therefore be generated in such films, com-
promising their superconducting properties.

5. Conclusion

The CL technique, as used in this work, has demon-
strated its effectiveness in the characterization of
luminescent regions in the microstructure of a YBCO
superconducting pellet. Direct correlation between
CL and secondary-electron emissive modes has enab-
led wavelength-resolved CL spectra and composi-
tional information, via EDX, to be determined. This
then renders the CL technique a powerful tool for
quality control, in the assessment of impurity phases
within a superconducting pellet material. The target
quality, and ultimately the film quality, can quickly be
assessed, and problems in laser-ablated film produc-
tion may be reduced leading to improved film quality.
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