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Abstract

The formation of Zn,NiMn, _,0, films, where z=0,
1/3 or 2/3, on Al,O4 substrates precoated with a
semiconductive intermediate layver of SnO,_, was
studied. The method employved was one of electro-
phoretic deposition. Deposition takes place in a
suspension of defect spinel powder, dispersed in
isoamvl alcohol. After sintering at 1000°C and
annealing at 8007 C, conductivity of the ceramic layers
in the temperature range between 20 and 300°C was
measured. The morphology of the surface and of the
cross-section of these lavers was observed with the
help of scanning electron microscopy.

Es wird iiber die elektrophoretische Abscheidung von
Pufvern zur Bildung von Zn,NiMn, ,0,-Schichten
(z=0, 1/3 oder 2/3) auf Al,O;-Substraten mit
halbleitender SnO, _ -Zwischenschicht berichtet. Die
Abscheidung erfolgt aus einer Suspension eines
Defektspinellpulvers in Isoamylalkohol. Nach Sin-
terung der Schichten bei 1000°C und Reoxidation bei
800°C werden Leitfahigkeitsmessungen im Tem-
peraturbereich zwischen 20 und 300°C durchgefiihrt.
Mit Hilfe der Rasterelektronenmikroskopie werden
die Morphologie der Oberfliche und des Quer-
schnittes der erhaltenen Keramikschichten unter-
sucht.

Les auteurs ont étudié la formation de films de
Zn,NiMn, _,0, ouz=10,1/3 ou 2/3 sur des substrats
en Al,O04 prétraités par une couche semi-conductrice
intermédiaire en SnO, _,. La méthode utilisée reléve
de la déposition électrophorétique. La déposition a lieu
a partir d'une suspension de la spinelle dans I'alcool
isoamylique. Apres frittage a 1000°C et recuisson a
800°C, on a mesuré la conductivité des couches
céramiques dans la gamme de température comprise
entre 20 et 300°C. La morphologie de la surface et la
tranche de ces couches ont été observées par
microscopie électronique a balayage.
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1 Introduction

The production and properties of thin, semiconduc-
tive layers of Ni-Mn-O and Co-Ni-Mn-O have been
recently described in the literature.!*? By means of
the rf magnetron sputtering process, well-developed
layer structures of cubic crystallites with thicknesses
of 10-12 um may be obtained. Such structures are
suitable for use as precise thermistor devices,
because their conductivity varies dramatically with
changes in temperature. The literature gives no
specifications, however, either of the composition of
the layers or of the reproducibility of their conduc-
tivity values.

The process of rf magnetron sputtering has also
been applied successfully to produce thin, super-
conducting ceramic layers.> A major drawback of
this method, however, is the difficulty of producing
YBa,Cu;0, ; and related compounds of the
correct stoichiometry. It is for this reason that
research has recently begun on the older established
process of electrophoretic deposition of powders.* ~8
With an understanding of the chemical synthesis of
the materials, their composition and structure may
be controlled before their deposition. The particles
may be deposited on a substrate previously over-
laid with conducting tracks which act as electrodes.
If well-dispersed colloidal suspensions are used, a
high geometric resolution may be obtained.

The thickness of the layer may be controlled by
varying certain process parameters, e.g. deposition
time, applied voltage and current density.” Within a
few minutes layers of 10 um in thickness or more
may be produced.

Highly stable and precise oxide thermistors based
on Mn-spinels have been the object of much
research.!®!! The aim of the authors’ work was to
produce, and to characterize electrically, these
materials in thin layer structures. The application of
an electrophoretic deposition method is especially
suitable as it guarantees for the ceramic a definite
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stoichiometric composition. The subject of this
paper is the investigation of NiMn,0, ceramic
layers which decompose in the temperature region
below 730°C in air, and that of Zn,NiMn, _, ceramic
layers with z=1/3 and 2/3, where decomposition
does not occur.!? The properties of these respective
layer structures were compared.

2 Experimental

2.1 Powder preparation
To produce NiMn,O, and related systems it is
convenient to decompose mixed oxalate crys-
tals.’*>~'% For the authors’ studies mixed oxalate
crystals of compositions NiMn,(C,0,);.6H,0 and
Zn,NiMn, _(C,0,);.6H,0, where z=1/3 or 2/3,
were decomposed for 5h at 450°C in air. This
produced powders with a narrow grain size distri-
bution. The decomposition provided a homo-
geneous defect spinel (eqn (1)) which was well suited
as a precursor for the preparation of ceramic layers.
The powders produced in this way had BET
surfaces of 40-44 m? g~ . Through the application of
sedimentation analysis, the ds,, values were found to
be 3-5-4-5 um, which indicated that agglomeration
had taken place:

Zn_NiMn,_(C,0,);.6H,0 + (1 +8)/20, =
Zn,NiMn,_, (135404 + 5+ 3CO + 3CO, + 6H,0
(z=0,1/3 or 2/3) (1)

2.2 SnO,_ ,-coated alumina

Alumina substrates coated with SnQO, _, were used
for the electrophoretic deposition of ceramic layers.
For the authors’ purposes it was not possible to use
conducting metals as substrates for the deposition,
as described in the literature, since it was the
electrical behaviour of the ceramic layer which was
to be measured. The powders had to be deposited on
to a substrate which had only negligible influence on
the conductivity of the ceramic layer. The use of
layers of SnO, _ . was therefore suitable here, for this
material loses its conductivity during the sintering
process when in contact with the substrate and the
ceramic layer.

Electrodes used for the Al,O; substrates were
either of painted silver or of sputtered platinum
layers, 05 um in thickness. Once these were in place,
layers of SnO, _, were built up. Vapour deposition
was achieved according to the method of Yamazaki
et all®

SnO was prepared from tin dichloride via tin
dioxyhydrate, and then analysed by oxidimitric
titration.!” The deposition of SnO took place under
a vacuum of 6 x 10~ 3 Pa. The deposition thickness
was monitored by measuring the frequency change

L 1——— holding device for
electrodes

cathode

anode

suspension

l I— magnetic stirrer

Fig. 1. Experimental set-up for electrophoretic deposition.

(due to the mass change) of an oscillating quartz
crystal suspended close to the substrate and
simultaneously subjected to the deposition of SnO.
Following this, it was necessary to heat the samples
slowly 2K min™!) to 400°C under oxygen. The
temperature having been maintained for 10 min at
400°C, the samples were then quenched by removal
from the furnace.

Before deposition, the contacts were painted with
a lacquer to ensure that they did not become coated
with the powder.

2.3 Electrophoretic deposition

Electrophoretic deposition took place in a suspen-
ston produced by the dispersal of 2 g of powder in
100 ml distilled isoamyl alcohol. In order to increase
the deposition rate, the powder was precoated with
02 ¢ trichloracetic acid, which acted also as a
stabilizer. A suspension produced by this method is
stable over a period of a few days. Figure 1 shows the
experimental set-up of the authors’ electrophoresis
equipment.

By changing the conditions for deposition it was
possible to produce ceramic layers of thicknesses
varying between 10 and 100 um. Equation (2) relates
the mass of deposited material to the parameters of
deposition:®

mocE-A-¢ct-u (2)

where m is deposited mass, E is field strength, A4 is
area, ¢ is concentration of the suspension, ¢ is
deposition time, and u is electrophoretic velocity.

Figure 2 shows the results of the experiments. Two
conclusions may be drawn from these. First, the
relationship between the thickness of the ceramic
layer and the applied voltage is approximately
linear. Secondly, the deposition rate increases and
decreases relative to the surface area of the powder
used. This was predicted from the equations relating
to electrophoretic velocity (eqns (3) and (4)):!8

p=_{¢ Efdn-n 3)

where { is zeta potential, ¢ is dielectric constant of the
solvent used, and # is viscosity of the solvent used;

p=Q/4n rn (4)



NiMn,0, and Zn,NiMn, _,0, ceramic layers

271

—— —

0 10 20 30 40
u/v

Fig. 2. Relationship between the layer thickness and the applied voltage, using different NiMn, O, powders: (a) 450 C, 5h,40m? g " ';

— _—
+ +

50 60 70 80

1.

(b) 800°C, 5h, 12m2g™"; and a suspension of 2 g of the powder in 100 ml isoamyl alcohol.

where @ is surface charge of the particles and r is
radius of the particles.
Therefore

Cocl/r &)

Powders with a larger surface area have a higher zeta
potential and hence a higher velocity.

2.4 Formation of the ceramic layer

Previous research has shown that sintering tempera-
tures of 1000-1050°C have proved effective for the
production of NiMn,0, and Zn,NiMn,_ .0,
ceramics. In such compositions a NiO separation
takes place within this temperature region (eqn
(6)) 12,13.19

NiMn,0, — vNiO
+(3 = x/3)Ni;_303-9Mng 3 O4 + x/60, (6)

This partial decomposition proved necessary for
achieving a sintering effect. For a homogeneous
single phase composition to be effected, re-oxidation
of the material below the decomposition tempera-
ture and under pure oxygen is necessary. The
authors used the following sintering regime: the
material was heated (40 K min~!) to 1000°C, main-
tained at this temperature for a period of 2 h, then
for a further 5h at 800°C. In the case of NiMn,O,
layers the samples must be quenched, since this
substance is not stable below 730°C. NiMn,O,
decomposes under absorption of O,, forming
NiMnO,; and «-Mn,0; (eqn (7)):

3 Results and Discussion

3.1 Characterization of the SnO,_, layers

The conductivity of the SnO, _, layers is influenced
by many parameters, e.g. the method of production,
dopants and temperature.!® The results of 20

experiments using Pt as contact material and
SnO, _ ,-coated Al,O; substrates showed a mean
resistance of (3:5+ 0-5)kQ at room temperature.
These resistances were converted into conductivity
values using eqn (8):

c=1/R-L/F (8)

where R is resistance at ambient temperature, L is
distance between the electrodes, and F is cross-
sectional area of the layer.

It is feasible to produce SnO,_, layers with
conductivity at room temperature high enough to
enable electrophoretic deposition to take place.
Values of ¢=(400+100)Sm™' may be achieved
with layer thicknesses of (0-3 +0-05) um.

The arrangement of the electrodes and the
SnO, _, intermediate layer on the substrate is shown
in Fig. 3.

3.2 Characterization of the morphology of the
ceramic layer

SEM photographs of NiMn,QO, layers have shown
that, under the conditions imposed, a very loose
structure with a high internal surface area was
achieved. Figures 4(a) and (b) show the surface of a
43-pm-thick layer at different magnifications. It may
be seen that only partial sintering has occurred
within the ceramic layer. This is evident from the
small number of sintering necks that have developed

] [

Sn02-x intermediate
layer

(area onto which the
powder Is deposited)

——  Al203 substrate

N/

Ag or Pt electrodes

Fig. 3. Plan view of the substrate.
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Fig. 4. SEM photographs of the surface of a 43-um-thick
NiMn,O, layer at different magnifications.

between the particles; these expanded until grain
boundary equilibrium was reached. Many particles
show a grain boundary angle of 120°, indicating that
sintering has halted. The grain sizes are approxi-
mately 1-3 um. The process of grain growth is not
observed to have taken place. It may further be seen
that some of the particles show the cubic structure of
the spinel.

Figures 5(a) and (b) show the cross-section of Fig.
4. The loose packing structure is readily visible. The
boundary between the Al,O; and the ceramic layer
is also well defined, indicating that the intermediate
SnO, _, layer has good contact with both the
substrate and the ceramic.

Figure 6 shows a layer sintered at 1050°C, but
incompletely re-oxidized. Cube-shaped second
phase crystals may be observed at the surface of the
spinel crystals. Similar crystals were also observed
on bulk ceramic samples and were identified as NiO
with the help of electron beam analysis.?°

Even though a very loose structure was achieved
through electrophoretic deposition and subsequent
sintering, long re-oxidation times were necessary
after sintering at temperatures of 1000-1050°C. To

10Hn 201361

Fig. 5. SEM photographs of the cross-section of the NiMn,0,
layer of Fig. 4.

guarantee phase homogeneity the reaction illus-
trated in eqn (6) must be completely reversed.

3.3 Conductivity measurements

The d.c. conductivity of samples with different
thicknesses of the semiconducting ceramic layer
deposited on both Ag and Pt contacts was measured
over a temperature range between 20 and 300°C in
air. Layer thicknesses varied between 20 and 100 um.

29
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Fig. 6. SEM photograph of an incompletely re-oxidized
NiMn,O, layer.
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Fig. 7. Relationship between conductivity and temperature for NiMn,O, and Zn_NiMn, _ O, layers of different thicknesses: —-
NiMn,0;: ——-, Zn, ;NiMn,,;,0,.

Scatter plots showing the specific conductivity
versus the test temperature (Fig. 7) demonstrate that
the conductivity varies with thickness. It is im-
portant to note, however, that such variation is not
progressive. It must be remembered that conduc-
tivity is dependent upon the effective cross-section,
which, owing to the loose packing structure, is not
equal to the measured thickness. Therefore, the
scatter in the specific conductivity may be attributed
to fluctuation in the structure. Further investi-
gations are necessary in this respect.

A good agreement between the activation energies
or the B-constants of samples of varying thickness is
noticeable. The results of the conductivity values at

20°C (calculated using eqn (8)) and B-constants are
combined in Table 1. The corresponding values of
compact ceramic samples (density 85-90%) are
displayed for comparison in the table. It may be seen
that the specific conductivity of the NiMn,O, layer
is approximately 10 times, and in the case of the
composition containing Zn about 10-100 times,
lower than that of the compact ceramic. In
comparison, the B-constant is only negligibly
increased. Alternative investigations using bulk
ceramic samples showed similar variations with
respect to conductivity in relation to density, where
the density varied between 50% and 100%. In these
compacts there is a negligible increase in the B-

Table 1. Electrical properties of NiMn,O, and Zn_NiMn, __O, layers of varying thickness

Sample

Thickness O ¢ B
() (Sm™ 1 (K)
Sintering 10007 C, 3 h: O, atmosphere annealing 800°C, 5
NiMn, O, 61 28 x 1073 3887
25 41x1073 3922
96 35x 1073 3925
21 16 x 1073 3978
40 63x1073 3961
(36+2)x 1073 3934 + 36
Zn, ;NiMn;, 0, 39 33x107% 3948
15 1-33x1074 4018
22 117 x107% 3970
82 22 x 1074 3956
221+ 1) x107* 3973+ 31
Zn, ;NiMn, ,0, 22 85x107% 3914
50 39x 1074 3968
21 35x 1074 3962
36 77 x 1074 3926
(59+3)x107* 3942 + 26

Sintering 1000°C, 40 h; O, atmosphere annealing 800°C, 40 h

NiMn,0, ceramic compacts®
Zn, ;NiMn;,;0, ceramic compacts®
Zn,,;NiMn,,;0, ceramic compacts”

(32+04)x 1072 3800+15
(29+04)x 1072 3778 £ 9
(221+£02)x 1072 3801+18

“Ref. 21.
P Ref. 12.
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constants, similar to that observed in the ceramic
layer structures.

During repeated heating and cooling between 20
and 300°C, NiMn,O, layers have shown a good
reproducibility of the dependence illustrated in eqn
(9):

logog=logo,+ B/T B=E,/k 9)

where E, is activation energy and k is the Boltzmann
constant.

The variation in ¢ values in three cycles of heating
and cooling amounted to only +007%.

4 Conclusion

Electrophoretic deposition is a suitable method for
depositing Ni-Mn-oxide and Zn-Ni-Mn-oxide pow-
ders to produce thin ceramic layers. Through
variation of the deposition parameters, ceramic
layers with thicknesses of between 10 and 100 um
are obtainable. Investigations of the conductivity
dependence upon temperature have shown a similar
behaviour to that observed in respect of pressed
compacts. SnO, _ , intermediate layers proved to be
a good conducting intermediate substrate for
electrophoretic deposition of powders on to non-
conductive materials, since their influence on the
conductivity behaviour of the ceramic layer loses
significance after sintering.

References

1. Baliga, S. & Jain, A. L., Deposition and properties of rf
magnetron sputtered Niy.(Mn, ,O,. Mater. Letr., 8 (1989)
175.

2. Baliga, S, Jain, A. L. & Zachofsky, W., Sputter deposition
and characterization of Ni-Mn-O and Ni-Co-Mn-O spinels
on polymide and glass substrates. Appl. Phys., AS0 (1990)
473.

3. Farrow, L. A, Chan, S.-W., Greene, L. H. & Feldmann, W.,
Raman scattering as a contactless room temperature test of
the quality of YBa,Cu,O, " thin films. J. Appl. Phys., 63
(1988) 4591. :

4.

20.

21.

Woolf, L. D. et al, Continuous fabrication of height-
temperature superconductor coated metal fiber and multi-
filamentary wire. Appl. Phys. Lett., 58(5) (1991) 534.

. Koura, N,, Shoji, H. & Morita, A., Preparation of various

shape superconducting ceramics with various substrates by
electrophoretic deposition method. Mol. Cryst. Lig. Cryst.,
184 (1990) 243.

. Hein, M. et al, Electromagnetic properties of electro-

phoretic YBa,Cu;0,_; films. J. Supercond., 3 (1990) 323.

. Maiti, H. S.,, Basu, R. N. & Datta, S., Coating of

superconducting 123 compound on silver substrate by
electrophoretic technique. Phase Transition, 19 (1989) 139.

. Nojima, H., Nagata, M., Shintaku, H. & Koba, M.,

Fabrication of Y-Ba-Cu-O superconductor films on Cu
substrates by an electrophoretic deposition technique. Jpn.
J. Appl. Phys., 29 (1990) L1655.

. Hamaker, H. C., Formation of a deposit by electrophoresis.

Trans. Faraday Soc., 36 (1940) 279.

. Macklen, E. D., Thermistors. Electrochemical Publications

Ltd, Ayr, Scotland, UK, 1979.

. Legros, R., Metz, R. & Rousset, A., Structural properties of

nickel manganite Ni.Mn;_ O, with 0-5S<x< 1. J. Mater.
Sci., 25 (1990) 4410.

. Feltz, A. & Seidel, A., Untersuchungen an elektronen-

leitenden Oxidsystemen. XX[I]: Stabile Spinelle Zn_Ni-
Mn, _.0O, und Vergleich mit Spinellen Mg_NiMn, _.0,. Z.
Anorg. Allg. Chem., 608 (1992) 1.

. Wickham, D. G., Solid-phase equilibria in the system NiO-

Mn,0;-0,. J. Inorg. Nucl. Chem., 26 (1964) 1369.
Brabers, V. A. M. & Terhell, J. C. J. M., Electrical
conductivity and cation valencies in nickel manganite. Phy:s.
Status Solidi, A69 (1982) 325.

. Feltz, A. & Toepfer, J., Redoxreaktionen in kondensierten

Oxidsystemen. X: Bildung von Defektspinelien und Phasen-
beziehung im System Ni,Mn;_,0,. Z. Anorg. Allg. Chem.,
576 (1989) 71.

. Yamazaki, T., Mizutani, U. & Iwama, Y., Formation of

vapour-deposited SnO, thin films studied by Rutherford
backscattering. Jpn. J. Appl. Phys., 21 (1982) 440.

. Brauer, G., Handbuch der Priparativen Anorganischen

Chemiie. Enke Verlag, Stuttgart, 1960, p. 653.

. Helbig, H.-J., Ullmann's Encyklopidie der Technischen

Chemie. Verlag Chemie, Weinheim, 1980, chap. 5, p. 217.

. Jarzebski, Z. M. & Marton, J. P, Physical properties of SnO,

materials. J. Electrochem. Soc., 123 (1976) 199.

Jung, J., Toepfer, J., Muerbe, J. & Feltz, A., Microstructure
and phase development in NiMn,O, spinel ceramics during
isothermal sintering. J. Europ. Ceram. Soc., 6 (1990) 351.
Feltz, A., Toepfer, J. & Schirrmeister, F., Solid state
reactivity and mechanisms in oxide systems. VIII: Conduc-
tivity data and preparation routes for NiMn,O, thermistor
ceramics. J. Furop. Ceram. Soc. (in press).



