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Abstract Multilayer ceramic capacitors based on BaTiO3

dielectric compositions and Ni inner electrodes have
complex interfacial reactions that impact the continuity of
the inner electrode microstructure. Previously we demon-
strated that through the addition of Cr to Ni, a significant
improvement in the continuity of ultra-thin Ni electrodes in
Ni–BaTiO3 multilayer capacitors could be achieved. Here,
the effect of the Cr addition to the nickel electrode pastes is
studied with regard to the electrical properties. Low-field
electrical measurements demonstrate no major differences
between Cr doped Ni and undoped Ni. However, high-field
measurements show a significant decrease to the total
capacitor resistance. Under a critical electrical bias the
conductivity significantly increases due to a Fowler–
Nordheim tunneling conduction though the interfacial
Schottky barrier at the dielectric–electrode interface; the
onset voltage of this conduction is much lower than with
the undoped nickel. Based on these results, we evaluate
criteria for the selection of an appropriate refractory metal
in order to improve the Ni electrode continuity.

Keywords MLCC .Nickel electrodes . BaTiO3
.

Ni–BaTiO3 interfaces . Electrical properties

1 Introduction

Microstructural control in high capacitance multilayer
ceramic capacitors is one of the present day challenges for
increasing capacitive volumetric efficiency. One of the
current issues in state-of-the-art base–metal electrode
multilayer ceramic capacitors (BME MLCCs) with dielec-
tric and electrode layer thicknesses around or below 1 μm
is the discontinuity of Ni electrodes, which can affect the
electrical performance and reliability of final products
[1, 2]. Recently, our investigations revealed the formation
of an interfacial low-melting point (Ni,Ba,Ti) alloy with a
melting point as low as 1000–1150 °C at Ni–BaTiO3

interfaces [3–6]. The reduction process to produce the
metallic Ti and Ba components results from the presence of
residual carbon content from the organics used in the tape
casting and screen printing process steps. Ni-enhanced
catalytic reactions in the oxidation of this residual carbon
locally reduce the BaTiO3 adjacent to Ni electrodes, and it
is estimated that the effective local oxygen activities are
equivalent to pO2’s orders of magnitude lower than that of
the ambient atmosphere present in the furnaces or reactors
[4]. During co-sintering at temperatures higher than 1000 °C,
the interfacial liquid layer may accelerate kinetic mass
transfer along the interfaces and is believed to contribute to
the discontinuity of Ni electrodes.

In the first paper of this series [7], we hypothesized that
suppression of the interfacial liquid layer formation is
possible via the modification of Ni electrodes with
refractory metal(s). Our experiments revealed that when
there is a segregation of Cr ions at Ni–BaTiO3 interfaces,
the formation of the liquid (Ni,Ba,Ti) interfacial layer is
suppressed during co-sintering, which leads to a significant
improvement to the continuity of Ni electrodes. But at the
same time, it was suggested that the Cr addition to Ni
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electrodes increases the amount of oxygen vacancies in
BaTiO3-based dielectric layers.

In regard to the electrical properties, the most important
properties for a capacitor device are the permittivity and
leakage characteristics, which collectively contribute to the
capacitance and resistance of the device. Realized from
earlier studies on BaTiO3-based multilayer capacitors, the
main contribution to the total resistance of MLCCs (over
70%) comes from interfacial contact resistance between the
dielectric and electrode layers [2, 8–10]. The potential
barrier at the interface results from a mismatch between the
work function of a metal electrode (�m) and a semiconduc-
tor (�sc). This is a much more important issue in nickel
inner electrode capacitors than in the air-fired capacitors
with precious metal alloy electrode chemistries. In the Ni-
based MLCC a simple blocking Schottky barrier is
illustrated in Fig. 1, for the case of an n-type semiconductor
and when �m>�sc. There may be interfacial states that also
contribute to a more complex interface, but this is not
illustrated here. Additionally, double Schottky barriers can
also exist at the grain boundary interfaces thereby aiding
the total resistance across the dielectric layer.

Most of our knowledge to the defect chemistry is based
upon the air-fired pure or doped BaTiO3 that can be either
n-type or p-type semiconductor depending on defect
compensation mechanisms controlled by the oxygen partial
pressure and doping concentration [11–13]. The pure and
acceptor-doped BaTiO3 show n-type conduction in the low
pO2 region, generally below 10−5–10−9 atm, and p-type
conduction in the high pO2 region for the temperature range
from 750 to 1100 °C. Ni–BaTiO3 MLCC chips are usually
sintered at 1200–1300 °C pO2 ¼ 10�9 � 10�12 atmð Þ,
which is the n-type region with high electronic conductiv-
ity. The high-temperature sintering is followed by reoxida-
tion at 800–1000 °C pO2 ¼ 10�8 � 10�9 atmð Þ to reduce

the amount of free electron carriers in the dielectric. A
Schottky barrier between Ni and BaTiO3-based dielectric is
found in BME capacitors and is the consequence of the
BaTiO3 being an n-type semiconductor. If the reoxidation
conditions were equivalent to those in studies involving air-
fired materials we would expect the reoxidation to produce
either an ionically-compensated dielectric or a p-type
dielectric. The p-type BaTiO3–Ni interface will have a hole
accumulation and would show an ohmic contact [14].
Previous studies of BME-MLCC chips before and after the
reoxidation treatment confirmed the formation of blocking
Schottky barrier in either case [3, 5]. This means that the
BaTiO3-based dielectric is still n-type semiconducting even
after the reoxidation treatment and different from the air-
fired cases.

We also know that charged defects, like oxygen
vacancies, can migrate toward the dielectric–electrode
interface when DC-bias is applied and accumulate at the
electrode regions [15–17]. In this case the formation of
tunneling current through the Schottky barrier is possible,
which will lead to significant suppression of interfacial
contact resistance and degradation of total electrical
properties [8, 10]. The formation of tunneling contacts will
be discussed further throughout the text.

This paper discusses the effect of Cr addition on electrical
properties of Ni–BaTiO3 MLCCs and makes some sugges-
tions about the possible changes in conductivity with and
without the Cr addition. From these results we also suggest
other alloy systems that could aid the design of the Ni-based
MLCCs.

2 Experiments

The 0805-type MLCC green chips (1.60 mm×0.87 mm×
0.90 mm, with 300 dielectric layers) were manufactured by
KEMET Electronic Corporation, Greenville, SC, USA.
Two types of MLCC samples, one with undoped Ni
electrodes and another with 1 wt.% Cr-doped Ni electrodes
were prepared by conventional tape casting techniques. The
Ni–1 wt.%Cr alloy powder for this study was made by a
flame-gas phase method. The thickness of electrode and
dielectric layers were 0.9 and 1.2 μm, respectively. The
dielectric was a BaTiO3-based X5R-type material, which
was formulated with chemical additives such as Y2O3 and
MnO [18–21]. For binder burnout, the green chips were
held at 220–280 °C for 20–30 h in a N2–O2 atmosphere.
The green chips were subsequently co-fired in the temper-
ature range from 1150 to 1250 °C for 5 h with 2.3 °C/min
heating rate in a reducing atmosphere using an H2O–N2–H2

gas mixture with pO2 level from 10−9 to 10−11 atm at
peak temperature. The pO2 level was monitored by a
zirconia-based oxygen probe made in-house and placed in a

Fig. 1 Formation of Schottky barrier between a metal and n-type
semiconductor, without pinning of the Fermi-level with interfacial
states (Mott–Schottky contact) (after [8])
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vicinity of samples inside the furnace. The co-fired Ni–
BaTiO3 MLCCs were then cooled to a temperature range
from 900 to 1100 °C at a 3 °C/min cooling rate and re-
oxidized using an atmosphere with pO2 level from 10−8 to
10−9 atm for 3 h.

To correlate electrical properties and compare insulation
resistances of Ni–BaTiO3 MLCCs with and without Cr
addition, impedance spectroscopy (IS) and current–voltage
(I–V) measurements were preformed. The real and imagi-
nary components of the impedance were measured using a
Solatron S11287 Electrochemical Interface and 1255B
Frequency Response Analyzer (Solatron Analytical, UK).
Impedance spectra with and without DC-bias were collect-
ed over a temperature range of 250 to 310 °C at 10 °C
intervals. Each temperature of interest was held for at least
30 min to achieve thermal equilibrium before any measure-
ments were taken. A 50 mV AC signal was applied over a
frequency range 0.1 Hz to 1 MHz. The IS measurements
with DC-bias (up to 10 V) were performed after allowing at
least 3–5 min for current stabilization. Data were collected
under a N2 atmosphere to avoid in-situ oxidation of the end
copper terminations of the MLCCs. The lowest measured
temperature was limited by the impedance limit of the
instrumentation (1 MΩ). Elevated temperatures were
required to bring the sample resistance below this limit.
Analysis and fitting of the experimental impedance data
were accomplished using the electrochemical impedance
software Z-plot and Z-view for Windows (Scribner Asso-
ciates, Inc., USA). Experimental data were fitted with
impedance models based on simple equivalent circuits.

The current–voltage (I–V) characteristics were measured
at 130, 140 and 150 °C using a pA meter/DC voltage
source HP-4141B (Hewlett-Packard, USA) in order to
investigate leakage current behavior as function of applied
field and temperature. Only the steady state leakage current
was taken into account. In order to obtain steady state

leakage current data, the current data were collected for at
least 10 min at a constant DC-bias.

3 Results and discussion

Impedance spectroscopy is a very effective characterization
tool to access the relative low-field lumped impedance
contributions in a MLCC. Figure 2 presents complex
impedance plots for undoped and Cr-doped MLCCs over
the frequency range of 0.1 Hz to 1 MHz, at temperatures
between 250 and 310 °C measured without a DC-bias. The
shape of the impedance plot for the Cr-doped sample is
found to be more distorted compared to the undoped one,
with approximately 1.5 times higher total resistance. In the
complex impedance plane, the intercepts of the impedance
spectroscopy data with the real axis, Z′, correspond to the
total resistance of the capacitor.

Generally, the total impedance of actual MLCCs is
modeled by a series of leaky capacitive components for the
dielectric–electrode interfaces (E), dielectric grains (G) and
dielectric grain boundaries (GB) [5, 16, 22, 23]. The
corresponding resistance for each element at low AC field
(~50 mV), was calculated using this model and is
summarized in Table 1. The IS data confirm the previously
mentioned relationship RE>RGB>RG, and indicate that
dielectric–electrode interfaces play an important role in
the control of the total insulation resistance of multilayer
capacitors due to the formation of interfacial Schottky
barriers. It should be noted that the fitting errors are
estimated to be less than 5% for the undoped sample,
whereas they increase to ∼10% for the Cr-doped sample.
This could be due to a heterogeneous distribution of Cr at
the Ni–BaTiO3 interfaces [7], which implies that the
equivalent electrical network for Cr-doped sample may be
more complicated.

Fig. 2 Series of complex
impedance plots for undoped (a)
and Cr-doped (b) Ni–BaTiO3

MLCCs, sintered at 1200 °C for
5 h

8 J Electroceram (2009) 23:6–12



The IS investigation with applied DC-bias revealed
significant field dependence in the Cr-doped sample
(Fig. 3), particularly for the electrode component and the
grain boundaries at very low DC voltage ≤0.5 V. It is
hypothesized that the DC-voltage induces local redistrib-
utions of oxygen vacancies, which migrates toward the
cathode, and accumulate at Ni–BaTiO3 interfaces [15–17].
In general, the depletion width, W, of the Schottky barrier is
inversely proportional to the square root of the donor
density near the interface [14, 15]. The local accumulation
of oxygen vacancies n+ facilitates a reduction of the
Schottky barrier depletion width at the electrode dielectric
interface, which alters the conduction mechanism from
Schottky emission to tunneling, thereby enhancing the
conduction [8, 10, 24]. Figure 4, shows a schematic diagram
illustrating a Fowler–Nordheim tunneling contact. This is
further supported with time dependant I–V measurements.

Figure 5 shows typical current variations with time for
undoped and Cr-doped samples at 130 °C under an applied
DC electrical field ∼7.5×104 V/cm. Commonly, the time
dependence of leakage current in dielectrics can be divided
into three distinct zones: the initial depolarization zone,
when the leakage current is decreased by the depolarization
current, the steady state zone, and the final degradation
zone, where the dielectric’s resistivity degrades [16]. In the
case of the Cr-doped sample, the degradation starts after a

relatively short time ~1×103 s after the voltage was applied,
whereas the undoped sample maintained its steady-state
current orders of magnitude longer times.

Figure 6 shows the steady state zone I–V data for
undoped and Cr-doped MLCCs for temperature range
between 130 and 150 °C; the data is plotted as (J /E2 vs.
1/E), a Fowler–Nordheim plot. For the undoped sample,
the current density depends on temperature for the whole
range of electrical fields investigated in this study. This is
consistent with a thermionic emission current over the
Schottky barrier [25, 26]. In the case of the Cr-doped
sample, two regions can be distinguished. At low electric
field, there is the temperature dependency of the current
density, similar to that of undoped sample. At higher
electric fields, the current density is almost temperature
independent. When the applied DC field is larger than
∼2.34 V/μm (DC-bias is ∼2.8 V), the current density
increases significantly, which is consistent with the IS
measurements (Fig. 3). Also, the current density at high

Fig. 3 Resistance variation as a
function of applied voltage for
undoped (a) and Cr-doped (b)
MLCCs sintered at 1200 °C for
5 h and measured at 260 °C

Fig. 4 Schematic presentation of Fowler–Nordheim tunneling of
electrons through the Schottky barrier (after [14])

Table 1 Resistance of dielectric–electrode interfaces (RE), dielectric
grains (RG) and dielectric grain boundaries (RGB) for undoped and Cr-
doped MLCCs sintered at 1200 °C for 5 h and measured at 260 °C
without DC-bias.

Total R, kΩ RE, kΩ RGB, kΩ RG, kΩ

Undoped MLCC 90.1±2.3 61.4±1.1 26.0±1.0 2.8±0.2
Cr-doped MLCC 113.3±3.6 84.7±1.7 25.8±1.6 2.7±0.3
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electric fields was found to be almost temperature indepen-
dent. Based on this data, it is reasonable to assume that the
mechanism for electron injection from Ni into BaTiO3

changed from thermionic emission to tunneling in the Cr-
doped sample at high electric fields [14, 27].

In the thermionic emission region of the interfacial
conductivity, the activation energy of the contact barrier
(the effective Schottky barrier height) has been extracted
for both types of samples using the log J /T2 vs. 1/T slope at
fixed DC-bias (Fig. 7). A strong electrical field dependency
on the activation energy is found for the Cr-doped sample,
while the undoped sample shows only moderate field
dependency (Fig. 8). In principle, the calculated activation
energy of the contact barrier is expected to degrade
abruptly when the tunneling current initiates. But in real
systems, the transition from one conduction mechanism to
another may become smoother due to the variation of metal–
semiconductor interfacial microstructures, which was found
by the high-resolution TEM investigation in Cr-doped
MLCCs [7].

The conductivity through the Ni–BaTiO3 interface is
controlled by at least two factors: the Schottky barrier
height and the concentration of mobile oxygen vacancies

near the interface. The Schottky barrier height can be
simply approximated as a difference between the work
function of a metal (�m) and the electron affinity of a
semiconductor (χsc). For Ni–BaTiO3 multilayer capacitors
it equals 1.25 eV (�Ni∼5.15 eV [8, 28] and χBaTiO3∼3.9 eV
[15, 29, 30]). The formation of a metallic (Ni,Ba,Ti) alloy
layer at the Ni–BaTiO3 interface or segregation of Cr may
reduce the Schottky barrier height because Ba, Ti and Cr
have much lower work functions (�Ba∼2.70 eV, �Ti∼
4.33 eV and �Cr∼4.5 eV [28]) compared to Ni. The alloy
(Mxm1−x) work function can be approximated by the
geometric mean of its components using Eq. 1, the so
called Freeouf empirical model, that conveniently describes
contact behavior at metal silicide interfaces [31]:

φAvg ¼ φx
M � φ1�x

m

� � ð1Þ
where φM and φm are the work functions of metal M and m
respectively, and x is the concentration of metal M. Using
the Freeouf relationship, the Schottky barrier height for the
interfacial (Ni,Ba,Ti) and Ni–1 wt.% Cr alloys were
estimated as 1.13 and 1.17 eV respectively compared to
1.25 eV for the pure Ni–BaTiO3 contact. In spite of the
simplicity of this model, it shows the same trend as the

Fig. 5 Current variation with
time at 130 °C under DC elec-
tric field ∼7.5×104 V/cm for
undoped (a) and Cr-doped (b)
MLCCs sintered at 1200 °C for
5 h

Fig. 6 Fowler–Nordheim plots
for electrical conduction for
undoped (a) and for Cr-doped
(b) samples sintered at 1200 °C
for 5 h. The dashed line in (b)
shows the tunneling current
according to the Fowler–
Nordheim relationship, with the
critical field being
approximately 2.34 V/μm
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effective Schottky barrier height with Cr addition. The
discrepancy between observed and calculated data most
likely can be associated with the presence of defects like
oxygen vacancies at Ni–BaTiO3 interfaces.

In a previous paper [7] we showed that Cr was found
not only at the Ni–BaTiO3 interface. First, Cr was detected
inside some of BaTiO3 grains adjacent to the Ni–BaTiO3

interfaces as a substituted acceptor ion. Cr to Ti substitu-
tion in BaTiO3 is possible during sintering due to the
similar ionic size between Cr3+ and Ti4+ ions R(Cr3+)=
0.755 nm, R(Ti4+)=0.745 nm [4, 32]. Second, Cr was also
found as a separate Cr2O3 phase distributed at the Ni–
BaTiO3 interfaces. The formation of Cr2O3 most likely
happened during the 3 h reoxidation treatment preventing
full reoxidation of the BaTiO3 due to the Cr having a
much higher oxygen affinity compared to Ni and Ti:
−1,135, −240 and −944 kJ/mol respectively [33]. Al-
though the precise mechanisms are not fully understood,
the net effect was a higher amount of oxygen vacancies in
the BaTiO3 compared to the undoped sample even after a
general reoxidation treatment was performed. At high DC-
bias, the oxygen vacancies migrate toward the cathode,
suppress the space charge distribution of the Schottky
barrier, and facilitate the electron tunneling through the
barrier (Fig. 4), which drastically reduces the interfacial
contact resistance (Fig. 8).

The selection of an appropriate doping element for
improving the Ni layer stability and MLCC electrical
properties is quite complicated. We have shown that the
formation of the interfacial (Ni,Ba,Ti) alloy layer may
reduce the effective Schottky barrier height at the Ni–
BaTiO3 interface. The segregation of Cr at Ni–BaTiO3

interfaces suppresses the formation of the interfacial (Ni,Ba,
Ti) alloy and significantly improves the continuity of Ni
electrodes. But Cr also facilitates the formation of a high
amount of mobile oxygen vacancies, which makes it

undesirable for use in multilayer capacitors (Fig. 8). The
appropriate refractory metal should have a high melting
point, high affinity to Ni, Ba and Ti, a low affinity to
oxygen, a significant work function equal to or higher than
that of Ni and the restriction to act as an acceptor in the
case of its diffusion inside the barium titanate lattice. The
noble metals of the Pt sub-group may be considered as
prospective candidates for the next generation of ultra-thin
Ni–BaTiO3 multilayer capacitors because they obey most
of the abovementioned requirements. The future papers of
this series will discuss the effect of noble metals additions
as well as the effect of sintering kinetics on the continuity
of Ni electrodes in Ni–BaTiO3 MLCCs.

4 Conclusions

The investigation of the stability of Ni electrodes in ultra-
thin Ni–BaTiO3 multilayer ceramic capacitors reveals that
the addition of Cr to Ni suppresses the formation of
interfacial (Ni,Ba,Ti) alloy layer and improves the continu-
ity of Ni electrodes. But, at the same time, it is found that
Cr degrades the electrical properties of MLCCs. Low-field
electrical measurements demonstrate no major differences
between Cr doped and undoped Ni electrodes. However,
high-field measurements show a significant decrease of the
total resistivity. Under critical electrical bias the conductiv-
ity significantly increases due to a Fowler–Nordheim
tunneling conduction through the interfacial Schottky
barrier at the Ni–BaTiO3 interface. Based on these results
we evaluate criteria for the selection of appropriate
refractory metal and propose that metals from the Pt sub-
group may be considered as prospective candidates for the
modification of Ni electrodes in novel Ni–BaTiO3 MLCCs.

Fig. 7 Log (J /T2) vs. 1/T plot for undoped and Cr-doped MLCCs at
5 V DC-bias

Fig. 8 Variation of the activation energy of the contact barrier with
applied DC electrical field
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