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Abstract. Conductive LaNiOj thin film electrodes were deposited by chemical solution deposition (CSD) from
nitrate solutions onto polycrystalline Al,O; and (Ba,Ca)TiO; PTCR ceramic substrates. The electrical properties
of the LaNiO; thin film on Al,O; and of the interface consisting of LaNiO5 and the semiconductive oxide ceramic
were investigated. The deposited LaNiO; films were about 250 nm thick and consisted of nanosized particles. The
resistivity of the LaNiO; film was about 3 x 1072 Qcm at 20°C. The PTCR ceramic consisted of yum sized particles
and exhibited an electronic resistivity of about 10 Qcm at 20°C and a steep increase of the resistivity of a few
orders of magnitude above the Curie point at about 120°C. The electrical properties of the LaNiO; /PTCR interface
were dominated by the properties of a barrier layer between the PTCR ceramic and the LaNiO; electrode. The
potential dependence of the impedance indicated that the barrier layer consisted of a depletion layer within the
PTCR ceramic, when the flat band potential of LaNiO; on the PTCR ceramic at about — 250 mV was exceeded.

Additionally the formation of an insulating layer at the LaNiO; electrode has to be taken into account.

Keywords: PTCR, conducting perovskites, interface, barrier layer, mott-schottky theory

1. Introduction

Perovskite oxide ceramics exhibit a wide range of
physical properties such as conductivity, ferroelec-
tricity, giant magnetoresistance or even catalytic
activity [1,2]. One of the most interesting perovskite
oxides is BaTiO;, which is applied commercially as
dielectric material in ceramic capacitors. The addition
of small amounts of donor dopants (e.g., Y, La*"
for Ba>™ or Sb>" for Ti*") transforms the highly
insulating BaTiO; into an n-type conducting oxide
with an appreciably low resistivity of about 10 Qcm
[3] at room temperature and a large positive
temperature coefficient of resistivity (PTCR) towards
higher temperatures [4]. The addition of small
amounts of acceptor dopants (e.g., Mn** for Ti*")
results in increasing resistivities, but does not show

any discernable influence on the PTCR effect as long
as the concentration of the acceptor dopants remains
several orders of magnitude smaller than the
concentration of the donor dopants [5].

For their usual application, PTCR ceramics have to
be connected barrier free (i.e., ohmic) to electrodes,
which can imply serious problems with a large
number of materials. Since PTCR ceramics are
semiconductors, electronic or ionic charge carrier
interactions between the PTCR ceramic and the
electrode material may take place. This behavior is
known for many metallic electrodes (e.g., Cu, Ag)
which cause large barrier layers, partly related to the
formation of depletion layers in the semiconductor,
partly related to the formation of insulating layers
between semiconductor and electrode. Only a small
number of base metals (e.g., In, Ga, Zn) yields barrier
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free contacts to the PTCR ceramic. So far, only little
attention has been paid to the behavior of electrodes
consisting of conductive oxides. Conductive oxides of
the perovskite family are promising candidates for
substituting metal electrodes on PTCR ceramics. For
several  conductive  perovskite  oxides like
YBa,Cu;0¢ . (YBCO) [6], LaNi; _,Co,O; [7] and
La, §Srj,Co0;5 [8] it has been demonstrated that they
are well suited as electrodes in electronic devices such
as negative temperature coefficient resistors (NTCRs)
[9] or ferroelectric substrates [10] due to the
significant improvement on the aging of the NTCR-
sensors and on the fatigue of ferroelectric memories.
In general, perovskite oxides are both chemically and
crystallographically compatible with perovskite oxide
substrates. Regarding the preparation of perovskite
oxide electrodes, different techniques are available.
Conventional co-sintering results in thick films, laser
ablation [11], sputtering [12], sol-gel deposition
[13,14] and chemical solution deposition (CSD) [15]
allows to produce thin films. Thickness, composition
and electrical properties strongly depend on the
deposition method.

From the large number of perovskite oxides with
high conductivity LaNiO; is one of the most
promising materials for electrode purposes. LaNiO;
is reported to be a metallic oxide [16,17] with room
temperature resistivities between 1.6x 1073 and
6.6 x 1072 Qcm™!, depending on the preparation
conditions [18,19]. It crystallizes in a rhombohedrally
distorted perovskite structure. Since LaNiO; is
thermally not stable in air above 860°C [20],
LaNiOj electrodes cannot be prepared by co-sintering
of LaNiO; and BaTiO; ceramics, a process which
requires a sintering temperature up to 1400°C.
Moreover ion-interdiffusion would destroy the
PTCR effect. Alternatively, Li et al. [21] report the
formation of LaNiO; thin-films with metallic con-
ductivity by thermal decomposition of metalorganic
compounds at temperatures as low as 550°C on single
crystals of Si and quartz.

In this paper we will report about the growth of
LaNiOj; thin film electrodes on polycrystalline Al,O;
and on polycrystalline donor doped (Ba,Ca)TiO;
PTCR ceramics. The electrodes were obtained by
CSD of nitrate precursors. The electrical properties of
the ceramics will be characterized and a description of
the properties of the LaNiO;/PTCR interface,
compared with the properties of PTCR ceramics
with Ag and with InGa electrodes, will be given.

Subsequently, we will apply a model based on the
Mott-Schottky theory to explain the electrical proper-
ties of the interface.

2. Experimental

For the preparation of LaNiO; films by CSD
La(NO;3);:6 H,O0 and Ni(NO;3),:6 H,0 were
dissolved in stoichiometric ratio (1:1) in a mixture
of ethanol/buthylacetate (1:4) to yield 0.25 molar
solutions. Sintered Al,O5 plates and semiconducting
PTCR pellets were coated with LaNiO; thin films.
The LaNiO; on Al,O5 allowed the characterizing of
the electrical properties of the LaNiO; film itself, the
LaNiO;/PTCR-combination the characterizing of the
electrical behavior of the interface.

Film deposition was performed by a spin coating
technique at 4000 rpm for 60s. After deposition the
samples were heated rapidly in air to 530°C and to
pyrolysize for 60 min. The respective film thickness
was obtained by three times repeating the deposition/
pyrolysis process. In a final step the samples were
annealed in air at 790°C for 2 h. Phase identification
was carried out by grazing incidence X-ray diffraction
(Siemens DS5005), composition, morphology and
thickness of the layers were investigated by scanning
electron microscopy with EDX-analysis (Leo 982
Gemini). Temperature dependent dc-conductivities of
the LaNiO; were obtained using the van der Pauw-
technique, which cancels out the contact resistances of
the measuring electrodes. For this purpose four silver
paint dots were deposited as contacts at the periphery
of the disk shaped samples.

The investigated PTCR-ceramics (pellets of 5 mm
diameter and Imm thickness, supplied by
Siemens + Matsushita Components) consisted of
(Bag;5Cag,5)TiO5, doped with Y and Mn. The
specimens were n-conducting with a resistivity of
about 10 Qcm at room temperature. The Curie
temperature was determined by DSC (Netzsch STA
409) with an onset temperature of 116.7°C. As base
metal contacts, AgZn electrodes (Gwent Electronic
Materials), fired at 570°C, were compared with InGa
electrodes, which were rubbed onto the PTCR
ceramics at room temperature. Both electrode
materials yielded ohmic contacts. Because of better
handling AgZn was used as bottom electrode in all
samples. The specimens for the electrical measure-
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ment consisted of a PTCR-pellet with AgZn as bottom
electrode and the test electrode (LaNiO; or Ag) as top
electrode. The Ag electrodes were fired onto the
PTCR pellet at 700°C for 30min. The LaNiO;
electrode was additionally covered with AgZn in
order to avoid contact resistances between the
oxide electrode and the sample holder (gold plated
clamps).

Total resistances of these LaNiO;/PTCR- and Ag/
PTCR-combinations were measured conventionally
using a Wenking LT-78 galvanostat and a Knick
voltmeter. The ac properties of the ceramics including
the bias dependence were studied with a Hewlett
Packard 4192A impedance analyzer, operating within
a frequency range from 5Hz to 13 MHz at a voltage
amplitude of 30mV. For biased measurements the
AgZn bottom electrode served as potential reference
(ground) and the test electrode (LaNiO; or Ag) was
polarized positively or negatively with respect to
ground.

3. Results

Spin-coating of the respective nitrates and subsequent
thermal decomposition resulted in dense, smooth and
crack-free thin films of polycrystalline, single phase
LaNiO; on polycrystalline Al,O5 and on polycrystal-
line PTCR substrates (Fig. 1). The LaNiO; thin film
consisted of particles of 50—100 nm size (Fig. 2). The
deposition of three layers before annealing resulted in
250nm thick LaNiO; films. The PTCR-ceramic
consisted of um-sized particles.
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Fig. 1. XRD pattern of LaNiO; (LN) on a polycrystalline PTCR
substrate (BT).

Fig. 2. SEM micrograph of a LaNiO; film on a polycrystalline
Al, O3 substrate. View on the edge of the fractured sample.

3.1. Electrical Properties

The dc resistivity of the LaNiO; films on Al,O5; was
about 3 x 1073 Qcm at 20°C and increased slightly
with temperature (Fig. 3). The resistivity of the PTCR
ceramic amounted to approximately 10 Qcm at 20°C
and showed an increase of a few orders of magnitude
at the Curie point at about 120°C. The choice of
different electrodes significantly influenced the
temperature dependence of the resistance (Fig. 4).
InGa and AgZn electrodes showed small resistances
between room temperature and the Curie point and a
steep increase of the resistance of about 3 orders of
magnitude above the Curie point. This kind of
behavior can be expected for barrier free contacts
between an electrode and the PTCR-ceramic. PTCR-
ceramics with LaNiO; and Ag electrodes exhibited
larger resistances between room temperature and the
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Fig. 3. Temperature dependence of the dc resistivity of a LaNiO;
film on a polycrystalline Al,O; substrate.
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Fig. 4. Temperature dependence of the resistance (dc) of a PTCR
pellet with different electrode materials (-O- In/Ga, -+ - Ag/Zn,
-A- Ag, -[0- LaNiO;).

Curie point reaching approximately the same resis-
tance above the Curie point. The increase of the total
resistance at room temperature (InGa/PTCR = 3 Q,
LaNiO;/PTCR = 80 Q, Ag/PTCR =800 Q) was
correlated with a decrease of the total change of the
resistance above the Curie point from three orders of
magnitude for InGa/PTCR to two orders of magnitude
for LaNiO; and one order of magnitude for Ag/PTCR.

The ac behavior of different interfaces was studied
by separating the complex impedance into its real part
(expressed as resistance R,) and into its imaginary
part (expressed as parallel capacitance C,). PTCR
ceramics with InGa or AgZn electrodes exhibited
ohmic contacts with small and constant values of R,
and C, over the frequency range investigated.
Contrary to InGa/PTCR- and AgZn/PTCR-interfaces,
the LaNiO;/PTCR- and Ag/PTCR-interfaces showed
strong frequency dependencies of the resistance and
the capacitance (Figs. 5 and 6). In the low frequency
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Fig. 5. Frequency dependence of the resistance R, at room
temperature of the PTCR ceramics with different electrode
materials (O In/Ga, A Ag, [0 LaNiO;, — equivalent circuit
calculations for LaNiO;/PTCR).
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Fig. 6. Frequency dependence of the capacitance C, at room
temperature of the PTCR ceramics with different electrode
materials (O In/Ga, A Ag, [ LaNiO;, — equivalent circuit
calculations for LaNiO;/PTCR).

range the ac and dc resistances were almost identical.
The resistance of the Ag/PTCR-interface was gen-
erally larger compared to the LaNiO;/PTCR interface.
With increasing frequencies R, decreased for one
order of magnitude in the case of LaNiO; and two
orders of magnitude in the case of Ag electrodes. In
the high frequency range both combinations
approached small resistances similar to the InGa/
PTCR interface. A similar frequency dependence was
observed for the capacitances of the LaNiO;/PTCR-
and the Ag/PTCR-interfaces. The low frequency
range was characterized by large and almost constant
capacitances, which decreased by about 2 orders of
magnitude towards higher frequencies. The capaci-
tances of the LaNiO;/PTCR interface were larger than
the capacitances of the Ag/PTCR-interface. For both
interfaces the high frequency range was characterized
by small and constant capacitances which were
similar to those of the InGa/PTCR-interface.

In addition to the frequency dependencies, the
resistances and capacitances of the LaNiO;/PTCR-
and the Ag/PTCR-interface also exhibited a pro-
nounced dependence on the applied bias voltage
(Figs. 7 and 8). It should be noted again, that one side
of the PTCR pellet was performed with an AgZn
electrode, which served as potential reference
(ground). The other side gained the test electrodes
(LaNiO; or Ag; working electrode), which were
polarized positively or negatively. Both the LaNiO;/
PTCR- and the Ag/PTCR-interface showed a maxi-
mum of R, at OV bias voltage. Towards increasing
potentials R, decreased rapidly and reached constant,
but different values for positive and negative
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Fig. 7. Influence of the applied bias voltage on the resistance R,
at 1kHz and room temperature of the PTCR ceramics with
different electrode materials (O In/Ga, A Ag, [] LaNiO;, —
calculated data). The sign of the bias voltage refers to the voltage
on the test electrode.

potentials. Also the capacitances of the LaNiO;/
PTCR- and the Ag/PTCR-interfaces showed signifi-
cant dependencies on the applied bias voltage.
LaNiO;/PTCR-interfaces exhibited large capaci-
tances at low voltages, which disappeared rapidly
and almost symmetrically towards increasing positive
or negative potentials. At high potentials constant
capacitances were approached but small differences
between positive and negative potentials remained. A
shallow maximum was found at about 1.5V for the
Ag/PTCR-interface and the capacitances were smaller
than those of the LaNiO;/PTCR-interface (Fig. 8)
with a pronounced asymmetry. For LaNiO;/PTCR-
and Ag/PTCR-interfaces increasing negative poten-
tials resulted in a slow decrease of the capacitance,
whereas towards positive potentials a considerable
decrease of the capacitance was observed. Constant
capacitances with different amounts for positive and

Cp [nF]

Fig. 8. Influence of the applied bias voltage on the capacitance
C, at 1kHz and room temperature of the PTCR ceramics with
different electrode materials (O In/Ga, A Ag, [] LaNiO;, —
calculated data). The sign of the bias voltage refers to the voltage
on the test electrode.

negative potentials were approached at high poten-
tials. Contrary to Ag and LaNiOj; electrodes, InGa did
not show any bias dependence.

4. Discussion

LaNiO; thin films derived from nitrate precursors
exhibited resistivities of about the same amount as
LaNiOj; thin films derived from metal-alkylates [21].
In comparison to metal alkylates, the deposition of
LaNiO; films from nitrates requires little effort in
preparation and offers a comfortable and fast route.

The investigation of the electrical properties of the
ceramic samples revealed that the specific resistivity
of the LaNiO; film is significantly smaller than that of
the PTCR substrate. To a first approximation one
could assume that the electrical properties of the
interface are dominated by the ceramic with the larger
resistivity (as with two different resistances in series)
and therefore the interface to be influenced mainly by
the properties of the PTCR ceramic.

A comparison of the dc and ac properties of the
LaNiO;/PTCR-interface and the PTCR ceramic with
metal electrodes revealed that the properties of the
LaNiO;/PTCR-interface can be placed between the
behavior of PTCR ceramics with base metal elec-
trodes exhibiting ohmic contacts (AgZn, InGa) and
PTCR ceramics with noble metal electrodes, which
show more or less pronounced barrier layers.
Therefore, we used a theoretical approach similar to
metal/semiconductor junctions for the explanation of
the processes that take place at the LaNiO;/PTCR
interface.

The occurrence of high resistances between metals
and semiconductors is generally explained by the
formation of barrier layers due to electronic or
chemical reasons. Very often, the formation of a
depletion layer within the semiconductor is assumed,
which can be expected, if the Fermi-level of the
electrode material is lower than the Fermi level of the
semiconductor. This is generally the case for noble
metal electrodes. The formation of depletion layers is
attributed to the adaptation of the different Fermi-
levels, which requires an electron transfer from the
semiconductor to the metal surface and results in the
formation of a space charge region. A quantitative
description of this behavior can be given by the Mott-
Schottky theory. Another possibility of introducing
high resistances is the occurrence of surface reactions



58 Trummer et al.

between the electrode and the semiconductor during
the deposition of the electrodes. This may result in the
formation of insulating layers between the metal and
the semiconductor.

4.1. Modeling the Electrical Behavior of the
LaNiO;/PTCR Ceramic Interface

Impedance spectroscopy of the LaNiO;/PTCR inter-
face revealed a strong frequency dependence of the
impedance, but showed constant values in the low and
high frequency regime. A comparison of the LaNiO3/
PTCR-interface with the barrier-free InGa/PTCR-
interface revealed an almost identical behavior in
the high frequency range, thereby indicating the
dominance of the PTCR ceramic on the electrical
properties at high frequencies. Consequently, the
differences of the electrical behavior in the low
frequency range were attributed to the properties of
the barrier layer.

Based on these assumptions the LaNiO;/PTCR-
interface was modeled by an equivalent circuit
consisting of two RC-elements in series for the
PTCR ceramic and the barrier layer (Fig. 9). The
frequency dependence of the impedance as fitted to
this model resulted in capacitances of 2.2 nF for the
PTCR ceramic and 580nF for the barrier layer and
resistances of 3 Q for the PTCR ceramic and 84 Q for
the barrier layer. The resistivity of the bulk LaNiO;
layer was very small and thus negligible for the
behavior of the entire interface. Calculations of the
capacitances and the resistances based upon these
assumptions were in good agreement with experi-
mental data (Figs. 5 and 6). The large capacitance of
the PTCR ceramic were attributed to its internal grain
boundaries [10,22].

580 nF 22nF
| |
|
| 1
84 Q 3Q
Barrier-layer PTCR

Fig. 9. Equivalent circuit for modeling of the LaNiO;/PTCR
interface.

4.2. Characterizing the Barrier Layer

A more detailed insight into the physical processes
that are involved in the formation of the barrier layer
was available from the potential dependence of the
impedance of the LaNiO;/PTCR-interface. This
investigation was carried out at a frequency of
1kHz, where the electrical properties of the
LaNiO;/PTCR interface were dominated by the
properties of the barrier layer (Figs. 5 and 6). The
potential dependence of the impedance (Figs. 7 and 8)
exhibited small but significant differences between
potentials of the same magnitude but of opposite signs
thus making it necessary to distinguish between
forward and reversed bias conditions. Qualitatively
the same behavior is observed with the Ag/PTCR-
interface. Experimental data obtained under reversed
bias conditions can be interpreted assuming a
depletion layer. On the other hand, for forward bias
condition a different mechanism for the formation of a
barrier layer has to be considered.

Forward bias conditions were observed when the
test electrode (LaNiO; or Ag) was connected to
positive potentials with respect to the grounded
PTCR/AgZn back side. At high potentials (positive
or negative) R, approached constant values (Fig. 7).
The resistance R, of the interface exhibited a
maximum at OV and decreased proportional to the
applied potential ¢ according to

1

Ry o< pexp(2.9/ — o) n
No significant temperature dependence of the resis-
tance was observed in the temperature range between
20°C and 100°C. The exponential factor of 2.9eV
in Eq. (1) was taken from [23] and represents the band
gap energy of La-doped BaTiO; PTCR ceramics.
Eq. (1) describes the potential dependence of the
resistance of thin insulating films in between a metal
and a semiconductor, which is characterized by a
sharp decrease of resistivity above a certain potential
limit caused by Fowler-Nordheim tunneling. Fowler-
Nordheim tunneling is limited to insulating layers
with a thickness less than 10 nm [24]. Measured and
calculated data are compared in Figs. 7 and 8 (right
branch, positive potentials).

The investigation of the potential dependence of
the capacitance of the LaNiO;/PTCR-interface
revealed constant capacitances for small positive
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potentials and a decrease of the capacitances
proportional to 1/¢ for potentials exceeding + 1V
(Fig. 8, right branch). This behavior is similar to a
plate capacitor with a constant distance between the
plates. Similar potential dependencies of R, and C,
were observed also for Ag/PTCR-interfaces (Figs. 7,
8), therefore the formation of an insulating layer has to
be considered for this case too.

Reversed bias conditions were observed when the
test electrode was connected to negative potentials.
Resistances from reversed bias conditions were
slightly larger than resistances from forward bias
conditions, thus making it necessary to introduce an
additional resistance to explain the properties of the
LaNiO;/PTCR-interface.

The capacitance of the LaNiO;/PTCR-interface
revealed a potential dependence similar to the
behavior of semiconductors with depletion layers
(Fig. 8, left branch). Dewald [25] demonstrated for n-
doped semiconducting ZnO ceramics that the capaci-
tance of such a space charge is proportional to the
reciprocal of the square root of the potential decrease
in the depletion layer as
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C,. is the space charge capacitance, ¢, the potential
decrease in the depletion layer, g, the dielectric
permittivity of the vacuum, ¢, the permittivity of the
space-charge region, n, the number of ionized donor
atoms, k the Boltzmann factor, T the absolute
temperature and e the electron charge.

Equation (2), generally called Mott-Schottky
approximation, is valid for positive potentials only.
A Mott-Schottky plot of the capacitances of the
LaNiO;/PTCR and the Ag/PTCR interface enables us
to localize the depletion layer within the PTCR
ceramic (Fig. 10). An extrapolation of 1/C?>—0,
corrected by the term k7/e reveals a flat band potential
@y of —225mV for the LaNiO;/PTCR interface and a
flat band potential of +1.5V for the Ag/PTCR
interface.

The depth of the space charge within the PTCR
ceramic can be estimated from the slope of the linear
part of the Mott-Schottky plot which primarily yields
the number of ionized donor atoms n, within the
PTCR ceramic.

The Debye-length L, is correlated to r; and can be
calculated from [26]
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Fig. 10. Mott-Schottky plot of the capacitance Cp at 1kHz and
room temperature for the LaNiO;/PTCR interface ([J) and the
Ag/PTCR interface (A). The sign of the bias voltage refers to the
voltage on the test electrode.
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The depth d of the depletion layer in the semicon-
ductor is a function of the Debye-length L,, the
flat band potential ¢, and the temperature T according

to
2e|py|
d=L 4
o\ )

From these calculations depletion layer thicknesses of
0.63 um for LaNiO; and 2.1 um for Ag electrodes
were obtained for 20°C.

According to [27] the number of surface states Ngg
at the interface can be calculated starting from the flat
band potential and the number of ionized donors from

Nss2 _ EobscoPo (5)
e
At 20°C the calculations result in surface states of
about 9.1 x 106 [m72] for the LaNiO;/PTCR inter-
face and about 1.4 x 10'7 [m ~ ?] surface states for the
Ag/PTCR interface.

5. Summary

CSD turned out to be a suitable method for preparing
LaNiO; thin films on polycrystalline substrates
especially because of the very small grain size of
the particles of the LaNiO; thin film, which enabled
the growth of dense and adhesive films on the
considerably rough surface of the polycrystalline
substrates.
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The electrical behavior of the LaNiO;/PTCR-
interface can be explained by the formation of a
barrier layer between the n-conducting PTCR ceramic
and the metallic conductor LaNiOj;. The barrier layer
consists of a depletion layer within the PTCR ceramic
and of a thin insulating layer between the LaNiO; and
the PTCR ceramic. At low voltages the behavior of the
insulating layer can be characterized by assuming a
plate capacitor. Towards higher voltages electrons
start tunneling through the insulating layer, thereby
reducing the resistivity of the insulating layer. For
potentials exceeding the flat band potential, the
additional formation of a depletion layer within the
PTCR ceramic has to be taken into account. The
behavior of the depletion layer can be explained by
the Mott-Schottky theory.

The characteristics of the barrier layer is qualita-
tively the same for LaNiO; and Ag as electrode
material. The different values of the flat band
potentials and the depth of the depletion layers
demonstrate that LaNiO5 possesses superior qualities
as electrode material compared to Ag. Nevertheless,
for its actual application it will be necessary to
overcome the formation of insulating layers between
the PTCR-ceramic and the LaNiO; electrode.

Nothing is known so far about the composition of
the insulating layer. Its formation is assumed to be the
result of chemical reactions taking place at the
surfaces of the PTCR ceramic or the LaNiO;-film
during its deposition. This may be due to enhanced
grain boundary oxidation of the PTCR-ceramic or to
diffusion of Ni into the boundary region of the PTCR-
ceramic and LaNiOj; resulting in a layer of acceptor
doped PTCR ceramic with high resistivities [28].
Alternatively, a transfer of electrons from the donor
doped PTCR to the LaNiO; may result in the
reduction of Ni*" in the LaNiOj; layer and a partial
destruction of the perovskite structure.
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