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Cathodoluminescence of defects in sintered tin oxide

D. Maestre, A. Qremades,a) and J. Piqueras )
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28040 Madrid, Spain

(Received 24 October 2003; accepted 18 December)2003

Cathodoluminescend€L) in the scanning electron microscof®EM) has been used to investigate

the luminescence mechanisms in tin oxide. Sintered material prepared from high purity powder has
been found to show a strong dependence of the CL emission on the thermal treatments applied
during sample preparation. SEM images show the presence of nano and microcrystalline grains. The
correlation of the grain size and morphology with the optical emission is analyzed by CL
microscopy and spectroscopy. The main emission bands appear centered at about 2.58, 2.25, and
1.94 eV depending on the sintering treatment. CL images reveal that the 2.25 and the 2.58 eV bands
are associated at specific crystal faces. The evolution of the luminescence bands with mechanical
milling shows a complex evolution of the 1.94 and 2.58 eV emissions which is explained by
formation and recovery of defects during milling. 2004 American Institute of Physics.

[DOI: 10.1063/1.1647267

I. INTRODUCTION centrifugal ball mill, Retsch S100, with 20-mm-diam agate

balls for times of 30, 60, and 100 h, respectively. The un-

reated and the milled powders were compacted under a
compressive load of 2 tons to form disk shaped samples of
about 7 mm diameter and 2 mm thickness. Some of the
samples were then sintered in air at temperatures between
1000 and 1500°C. Some of the air sintered samples were

One of the reasons for the increasing interest in semico
ducting oxides like Sn® TiO,, LaFeQ, SmFeQ and
In,O5 is the application of nanocrystalline powders for gas
sensing and gas monitoring devicesccording to accepted
sensing mechanisrhgrain-size reduction increases the sen-
sitivity of the semiconducting oxides to the detection of : o
gaseg. Sn®has, in addition, %ther applications, as, for in- subsequently annealed in oxygen at 600 and 900 °C.

) . . The samples were observed in the secondary electron
stance, in transparent electrodes and optoelectronic devices, : : . .
. . ; . ._—and CL modes in a Hitachi S-2500 or a Leica 440 SEM at
The preparation of thick films, or sintered materials,

) LT accelerating voltages ranging from 10 to 30 kV, at a tempera-
from powders, often involves annealing in different atmo-
. . . : : . ture of 80 K. For the CL measurements a Hamamatsu R-928
spheres which results in materials with different optical o .
. hotomultiplier was used. The CL spectra were recorded ei-
and/or structural properties. The knowledge and understand- . . )
. S her with the photomultiplier tube attached to an Oriel 78215
ing of the processing induced changes at a local scale would :
. . . computer controlled monochromator or with a charge
enable one to improve the material properties related to thé . : o
. L coupled device camera with a built-in  spectrograph
mentioned applications.

In this work SnQ ceramic thick films were prepared (Hamamatsu PMA-11 Additional structural information on

from commercial powders and the influence of the sinteringthe samples was obtained by x-ray diffraction.

parameters, as annealing temperature, atmosphere and "TW_RESULTS
nealing time on the microstructure, defect distribution and ™

luminescence of the samples has been investigated. Charac- Ball milling causes a reduction of the original particle
terization with spatial resolution has been performed bysize as observed in the SEM. The size after 30 h milling was
means of the secondary electron and cathodoluminescenadout 130 nm and slightly smaller after 60 and 100 h milling.
(CL) modes in the scanning electron microscdS&M). In  The sintered samples have irregular shaped grains with dif-
addition the samples were characterized by x-ray diffractiorferent sizes and porosity as a function of the annealing tem-

(XRD). perature and milling time of the starting powder. The anneal-
ing time has been found to have only a slight influence on
Il. EXPERIMENT the final grain size in the range of times, between 2 and 10 h,

used in this work. Also the morphology and grain size were
The starting material used was commercial $powder  found to be independent of the annealing atmosphere for
(Aldrich Chemical Company Inc., 99.9% purityThe pow-  treatments in air, argon, and oxygen.
der consisted of particles and aggregates of rounded particles To study the effect of the annealing temperature a set of
with sizes of about 200 nm. In order to reduce and obtain &amples was sintered in air from the starting powder without
more homogeneous particle size, the powder was milled in ghechanical treatment at temperatures between 1000 and
1500 °C for 10 h. The SEM images of Fig. 1 show the evo-
Author to whom correspondence should be addressed: electronic mailution of the morphology of these samples with the annealing
cremades@fis.ucm.es temperature. The final crystal size ranges from about 200 nm
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FIG. 1. Secondary electron images of samples sintered at different tempera- Energy (eV)

tures.
FIG. 3. CL spectra of samples with different milling times.

after the 1000 °C treatment to about 1@®n, in samples . .
treated at 1500°C. In the larger crystals of the Sampleth|s band decreases and either the 2.58 or the 2.25 eV bands

®Become dominant, as shown in Fig. 2. The samples sintered

treated at 1500 °C a well defined crystallographic form IS, air were further annealed in oxygenrfa h at 600 and

observed. In these samples with larger crystal size, ChargS():’00°C, respectively. These treatments produced either rela-

effects appear_during obse_r\_/ations in the SEM revealing Ave increase or decrease of the 1.94 eV band depending on
reduced electrical conductivity. The XRD patterns of thlsthe sintering temperature of the sample, but no charge ef-

series of samples showothe Increase of () and (321) fects, related to a reduced conductivity, were observed in the
textures after the 1500 °C annealing but no phase transfogEM

mation is detected. The effect of the previous milling time of the powders

The total CL intensity of the samples depends on theon the luminescence of the sintered samples is shown in Fig.

annealing temperature. After the 1200 °C treatment an mtergl It is observed that the shorter milling time of 30 h causes

er:yi;?g;ii?/er:dﬁgsce);ved while the 1500 °C annealing CaUS§Re relative increase of the 2.58 eV emission which decreases
) ' . . gain by increasing milling time.
Figure 2 shows representative CL spectra of the series oa% The large grain size and the well defined crystallo-

samples sintered in air as compared W'th the spectrum of th raphic faces in the samples sintered at 1500 °C enabled us
starting powder. Gaussian deconvolution of the spectr

. . record CL ra on different f f th Is an
shows the presence in the different spectra of bands center?cé ecord CL spectra on different faces of the crystals and to

: Li in which the lumi istributi t
at about 1.94, 2.25, and 2.58 eV. Spectra of the starting pow: cord CL images in which the luminescence distribution a

. . the grain boundaries is revealed. Figure 4 shows a crystal of
der and of samples sintered at 1000 and 1100 °C are qualita- . i
tively similar with the main band peaked at 1.94 eV. For%ne of these samples and the corresponding CL spectra re

corded in two faces. The spectrum recorded in the face la-

simplicity the spectra of the two latter samples are not repy . . .
S eled B is the representative spectrum of the samples sin-
resented in Fig. 2. The sample treated at 1200 °C shows the P P P

increase of the 1.94 eV band accompanied by a redshift of
the peak to 1.90 eV. At higher temperatures the intensity of
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FIG. 2. CL spectra of initial powder and samples sintered at different tem-
peratures. FIG. 4. CL spectra recorded at different faces of a single crystal.
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suggested to be related to nonstoichiometry and other defect
states. In Ref. 6 it has been found that defect states of the
most stable Sngd110) surface correspond to donor defect
states at 1.4 eV above the top of the valence band, which is
compatible with transitions leading to orange emission.
Crabtreé® reported a broad featureless CL band in $nO
extending in green and orange spectral regions and suggested
that is due to oxygen vacancies.

As described above, the orange band, peaked in our case
at 1.94 eV, has a complex behavior during treatments in air
and oxygen which would be related to changes in stoichiom-
etry and defect structure. The band was found to increase
during sintering in air at temperatures up to about 1200 °C.
The later oxygen treated samples did not show noticeable
resistivity increase, as observed by the absence of charge
effects in the SEM, which suggests that not significant reduc-
tion in oxygen vacancy concentration takes place during the
treatments, although strong intensity changes of the 1.94 eV
band are observed. Since oxygen vacancies act as shallow
donors in Sn@ with an energy of about 30 meV below the
conduction band;'° a reduction in oxygen vacancy concen-
tration would cause a resistivity increase. On the other hand,
the fact that sintering in air at 1500 °C causes the quenching
of the orange band and an associated resistivity increase,
indicates that a component of the orange band is related to
the presence of oxygen vacancies.

As Fig. 2 shows, treatments causing the quenching of the
orange band lead to a dominant green emission in the spec-
FIG. 5. SEM and CL images showing bright grain boundaries in 1500 °Ctra, which indicates a different origin for the gregh25 e\j
sintered samples. and orangd1.94 e\j emissions observed here. Comparison
of the CL spectra with the sample morphology shows that the

tered at 1500 °C with a band peaked at about 2.25 eV, Whicﬁuenching of the orange band and the appearance of the
is also shown in Fig. 2. The spectrum of the faceAsI:mWS reen emission are associated with the formation of large
maximum at about 2 5'8 eV. CL images at lower magnifica-cryStals with well defined crystallographic faces. The influ-

tion of the same sample show an enhanced emission at tl?@(;:e. of ;he chrysr:al Enentatlon ;)n the CI(_jsge_ctrz;l IS e(;/-:fjenc?d
grain boundariesFig. 5). in Fig. 5, which shows spectra recorded in two differen

faces. One of the spectra shows the green band which corre-
sponds to the dominant average emission from the sample.
The influence of the crystal face is due to the different ad-
The grain size increases with the sintering temperature isorption processes and the different nature of the defect lev-
the series of samples sintered in air but only after the treatels as a function of the atomic structure of the face. A strong
ment at 1500 °C, texture changes and formation of crystaldependence of the CL spectra on the crystal face studied has
with well developed faceted structure are observed. The forbeen also observed in Zn®The CL image of Fig. 5 shows
mation of large crystals at high sintering temperature is irthat the green emission is preferentially associated with the
agreement with previous observationdhe differences in grain boundaries. Since, as mentioned above, the oxygen va-
the luminescence behavior of this series of samples would beancies appear to be associated with orange luminescence,
related to the defect structure of the samples and its possibtbey would not be the point defects involved in the decora-
relationship with grain size and grain orientation. tion of the grain boundaries. These observations agree with
The CL spectra of the starting powder and of sampleshe models of oxide varistors, including Sp®ased varis-
sintered at temperatures up to 1300 °C show two main lumitors, which consider the grain boundaries as oxygen rich
nescence bands peaked at about 1.94 and 2.58 eV, respeegions'?
tively. An orange emission band, with maximum in the range  In addition to the green and orange bands, the CL spectra
1.95-2 eV, has been reported in previous photoluminescenshow a band peaked at about 2.58 eV which has been ob-
(PL) and CL studies of tin oxide. Fillard and de Murtia served to increase or even to become dominant after some of
suggested a possible coordinate-configuration model for théhe sintering treatments in air or during ball milling for 30 h,
observed greer2.48-2.25 eV and orange(2.0 e\V) PL  as Fig. 3 shows. As the green band, this emission is associ-
bands, with the transitions corresponding to a common exated with certain crystal faces in the samples sintered at
cited state down to two possible fundamental configurations1500 °C(Fig. 4). A luminescence band at 2.58 eV could be
Chang and Parkreported an orange PL band which was present as a component in the broadband reported by some

IV. DISCUSSION
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authors, e.g., in Ref. 4, but is not normally reported as &. CONCLUSIONS
resolved band independent of the green and orange bands. In | of sintered Sn@ shows the presence of bands at

Ref. 5 a PL emission band is observed at 2.58 eV but ib 5g 2 25 and 1.94 eV whose relative intensities depend on
appears at 20 K as a consequence of an energy shift of thge sintering treatment. Local CL spectra show that the 2.25
orange band at low temperature. On the contrary, the 2.58 e)nq 2 58 eV emissions are preferentially related to specific
band observed in this work is not related to the orange 'Um'trystal faces. CL images reveal that the gré2@5 e\j band
nescence band and is present at 80 K and higher temperg- mainly associated with grain boundaries. The results indi-
tures. It appears then to be related to defects, different thagte that the orang€l.94 eV) band, which has a different
oxygen vacancies, which form mainly in specific crystal origin than the green band, is complex and one of its com-
faces. _ n onents appears to be related to oxygen vacancies. Mechani-
~ Figure 3 shows that mechanical milling has a_markec&u milling induces strong changes in the intensity of the CL
influence on the 1.94 and the 2.58 eV bands which havgangs at 1.94 and 2.58 eV. The evolution of these bands with

different. behavior during milling. T_his_confirm_s.the different milling time shows the existence of formation and recovery
mechanisms related to both emissions. Milling for 30 hyt gefects during milling.
causes the enhancement of the 2.58 eV band that becomes
the main band of the spectrum. Increasing the milling time toACKNOWLEDGMENTS
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