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Abstract: Thick-film thermistor with negative temperature coefficient (NTC), low room-temperature resistivity and modest
thermistor constant was screen-printed on the alumina substrate by the combination of BaCog.OzCo(l)l'{,“Bingé‘O3 with
Bay sBigsFep9Sng0;. The electrical properties of the thick films were characterized by a digital multimeter, a Keithley 2400 and an
impedance analyzer. The results show that with the BagsBigsFeyoSngO; content increasing from 0.05 to 0.25, the values of
room-temperature resistivity, thermistor constant and peak voltage of the thick films increases and are in the ranges of 1.47-26.5
Q-cm, 678—1345 K and 18.9-47.0 V, respectively. The corresponding current at the peak voltage of the thick films decreases and is
in the range of 40—240 mA. The impedance spectroscopy measurement demonstrates that the as-prepared thick films show the
abnormal electrical heterogeneous microstructure, consisting of high-resistive grains and less resistive grain boundary regions. It can
be concluded that the addition of Bay sBiy sFe( 9Sng O3 into BacogozCOgEmBiomOz improves the thermistor behavior and but also

deteriorates the current characteristics.
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1 Introduction

Negative temperature coefficient (NTC) thermistors
have been widely used in modern electronic industry as
temperature compensation devices, temperature sensor
devices, surge protection devices, self-heating
application, and infrared detecting bolometers in bulk
and thick films [1—4]. Bulk thermistor materials are
gradually fading away from the electronic market due to
the large size. Thick-film thermistors are the current
trend due to being satisfactory for the need of small-size
devices in highly integrated microelectric circuits and
low-cost preparation technology in the thick-film
producing processes. But problems with low linearity
between the reciprocal of absolute temperature and
logarithmic resistance, and high-cost conductive phase of
the sensor due to the use of ruthenate occur.
Simultaneously, most of the thick films without the
addition of ruthenate own high room-temperature
resistance, limiting the application range in electronic
devices. It is well known that Mn—Ni—O thermistor

thick-film system with spinel structure of a general
formula AB,0O, has been extensively studied for a long
time [5-7]. In current literatures, NiMn,O4—LaNiO;
nanocomposite thick films show good thermistor
characteristics with the room temperature resistivity (p»s)
of 35 kQ-cm and thermistor constant (f,s3s5) of 5000 K,
where NiMn,Qy is the resistive phase and LaNiOj; acts as
the conductive phase [8]. In conventional Mn—Co— Ni—O
spinel system, the ps of the thick films was in the range
of 23-7450 kQ-cm and the f,s555 was in the range of
1492—4335 K [9]. Other addition such as Fe, Al, Zn, Mg
and Cu in Mn—Ni—O and Mn—Co—Ni—O film systems
can also tune the values of pys and f,s55 based on the
practical need in industrial application [10—13]. However,
the added elements can’t decrease the room-temperature
resistivities of the thick films and partly give rise to the
increase of pps value. It is very necessary to add the
high-conductive Ru-based oxides/compounds into the
thermistor phase for the reduction of the room-
temperature resistivities of thick films [14]. It was
reported that the Mn,gsNiggCog3504 thermistor films
containing 42% RuO, (out of the total functional phase
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of the paste) showed low room-temperature sheet
resistance (~1 kQ-cm) and modest thermistor constant
(~1260 K) [15]. However, it was also observed that most
of the thick-film NTC thermistors containing higher
RuO, content illustrated weak linearity between the
logarithmic resistance/resitivities (Ig R/lgp) and the
reciprocal of absolute temperature (1/7) [16]. This
denoted that Ru-based oxides/compounds were not a
good conductive agent for the preparation of thick-film
NTC thermistor with low room-temperature resistivities.
Currently, it still needs to obtain thick-film NTC
thermistors with low room-temperature resistivities,
modest thermistor constant and perfect 1g R—1/T
linearity.

Therefore, a Ru-free thick-film NTC thermistors
composed of perovskite resistive phase BajsBijs-
FeyoSny 03 [17] and high conductive
BaCoy ,CophyBip,0; [18] were fabricated by screen-
printing procedures. The microstructures, electrical
properties and impedance characteristics of the thick
films were evaluated and discussed in terms of the
resulting properties of thick-films.

2 Experimental

2.1 Preparation of thick films

BaCoy ,Co 4Biy40; (abbreviated as BCCB)
source powder was produced by mixing, grinding and
firing the precursors BaCO;, Bi,O; and Co3;04. The
mixtures were fired at 700 °C for 2 h. BaysBigs-
FeooSng ;05 (abbreviated as BBFS) source powder was
produced by firing the precursors BaCOs;, Bi,O3, Fe,O;
and SnO; at 1050 °C for 4 h. The thermistor pastes (ink)
were prepared by mixing the desired amounts of
produced BaCo{ 1,Cog04Big0,0; and BaygsBigsFepo-
Sne 05 ((1-x) BaCoj 1,Cop byBig 0,05 —xBag sBigsFego-
Sny 03, where x represents the molar ratio) source
powders with the organic vehicle in order to obtain
printable pastes (as shown in Table 1). The organic
vehicle was a solution of ethyl cellulose, lecithin and
2-(2-butoxy ethoxy-ethyl) acetate. The mass ratio of
inorganic to organic was kept at 7:3. The resultant
thick-film thermistor pastes were screen-printed onto a
96% alumina substrate using a stainless screen of 58 pm,

then settled down and dried under IR lamp for
10—15 min. This printing process was repeated ten times
and the thickness of each printing was 4—6 um. The
printed patterns were fired in a muffle furnace at
moderate temperatures (as shown in Table 1) with a
dwell time of 60 min. All the organic components were
decomposed after printing the films during the sintering
process of thick films.

2.2 Characterizations of thick films

The samples were routinely characterized by X-ray
diffraction (XRD) and scanning electron microscopy
(SEM) equipped with energy disperse spectroscopy
(EDS). The thickness of the fired films was ~50 um as
measured by an XP—100 high resolution stylus-type
surface profilometer. The DC electrical resistance of
thermistor films was measured using a digital multimeter
(Fluke 45) from 25 to 180 °C with a step of 20 °C. [-U
characteristics of the thick films were measured by a
Keithley 2400. For all the thick films, impedance spectra
were taken at room temperature using an Agilent (4294A)
Impedance  Analyzer with computer controlled
automated data collection, which increased the frequency
logarithmically from 40 Hz to 50 MHz.

3 Results and discussion

3.1 Microstructures

Figure 1(a) shows the XRD patterns of the
BCCB—-BBFS composite thick films at room temperature.
The thick films adopt the pure monoclinic
BaCo{ 1,Cog0,Bige,0; and cubic BagsBigsFegoSng 03
phases. No any secondary phase forms, which indicates
that no any chemical reaction occurs. With increasing the
mole ratio of composition (x), the intensities of
diffraction peaks ascribed to BBFS phase show slight
increase, which is agreement with the
predesigned compositions shown in Table 1.

As for the diffraction intensities of (200) and (220)
crystal indices for BCCB phase, the intensity of (200)
crystal index decreases with increasing the BBFS content
with the x value in the range of 0.05-0.15, as compared
with that of (220) in Fig. 1(b). This suggests that the
preferential growth orientation of the BCCB phase shifts

in well

Table 1 Sintering temperatures and values of pys, f25/85, Eay U,ir 1o and p for various thick films

Composition (x) Sintering temperatures/°C ~ pys/(Q-cm)  frsss/K E,/meV Un/V  IymA p
0.95BCCB—0.05BBFS (x= 0.05) 720 1.47 678 59 18.9 240.0 0.53
0.9BCCB—0.1BBFS (x =0.1) 720 2.74 1299 112 25.0 115.0 0.73
0.85BCCB—0.15BBFS (x=0.15) 750 4.58 1319 114 36.5 60.0 0.48
0.8BCCB—0.2BBFS (x=10.2) 760 14.9 1330 115 47.0 40.0 0.58
0.75BCCB—0.25BBFS (x= 0.25) 780 26.5 1345 116 - - 0.84

E, is the activation energy; Uy, and I, represent the peak value of voltage and the corresponding current in the /—U curve, respectively; p is the exponential

power law from the slope of In #—In T curve.
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Fig. 1 XRD patterns of screen-printed thick films at 26 of 20°—80°(a) and 25°—45°(b)

to the (220) crystal index from the (200) face with the
rise of BBFS content. The further addition of BBFS up to
x=0.20 induces the abrupt rise of peak intensity of (200)
relative to that of (220). It is confirmed that when the
content of BBFS is relatively low, the BCCB phase is
sufficient to grow along the (220) face with no limitation
during the processes of grain growth. However, when the
content of BBFS is high, the BBFS grains have the
chance to grow by itself and therefore hinder the
continuing crystal growth of BCCB grains along the
initial orientation. But more detailed investigation should
be conducted to confirm the above deduction for
abnormal orientation behavior of BCCB phase.

Figure 2 shows the SEM images of BBFS and
BCCB powders and the thick film surfaces, and the
enlarged SEM image of the composition with x=0.25.
From Figs. 2(a) and (b), it can be seen that the grain size
of BCCB powder is comparatively larger than that of
BBFS powder. It is also found that the abnormal grains
and unclear grain boundaries exist in each of the
composite films, due to the fact that the BBFS phase is
completely or partly melted by low-melting point BCCB
phase. When the BBFS content is lower, the BBFS phase
is approximately melted by BCCB phase and many large
molten grains containing the BCCB and BBFS phases
form. With further increasing the BBFS content in the
thick films, the large molten grains tend to reduce and
small grains begin to occur, as illustrated in Fig. 2(h).
This is due to the fact that the individual BBFS grain
tends to independently grow at higher BBFS content and
then acts as a grain growth inhibitor of low-melting
BCCB phase.

3.2 R—T characteristics

The logarithmic resistivity (Ig p) of the BCCB—
BBFS composite films as a function of the reciprocal of
absolute temperatures are plotted in Fig. 3. The
logarithmic resistivity of all the thick films increases

linearly with increasing the reciprocal of temperature,
which confirms that the as-sintered films follow the
Nernst—Einstein ~ relation. The most important
characteristic parameters for practical application such as
room-temperature resistivity (pps), thermistor constant
(B2s85) and activation energy (E,) are summarized in
Table 1. The values of f,555 and E, are calculated by
Eqgs. (1) and (2) as follows:

Basigs=(In p1—=In po)/(1/T=1/T7) (1)

where p; and p, are the resistivities measured at the
absolute temperatures of 7; (298 K) and 7, (358 K),
respectively.

Ea:ﬁzs/ss'kB (2)

where kg is the Bolzman constant. The room-temperature
resistivity of the as-sintered films is 1.47 Q-cm and it
increases to 26.5 Q-cm as the BBFS content increases up
to x=0.25. The activation energies of the as-sintered
films with compositions x=0.05, 0.1, 0.15, 0.2 and 0.25,
are 59, 112, 114, 115 and 116 meV, respectively.
Accordingly, the thermistor constants are 678, 1299,
1319, 1330 and 1345 K, respectively. The reasons for the
rise of thermistor constant and activation energy
following increasing the BBFS content are difficult to be
clearly elucidated but are presumably related to the
transformation toward high crystallinity of BBFS grains
and the expanded film area of grain boundaries as
observed in Figs. (1) and (2). It is known that the
crystallinity of BBFS compound acting as high-resistive
phase tends to increase with increasing the BBFS content
in composite films and then the barrier height of thick
films also rises, resulting into a significant increase of
room-temperature  resistivity of the thick-film
thermistors.

To determine and elucidate the character of hopping
motion, the p—T7T data were analyzed following a
procedure described by SHKLOVSKII and EFROS [19],
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Fig. 2 SEM images of BBFS powders (a), BCCB powders (b), and surfaces of thick films with compositions of x=0.05 (c),

x=0.10 (d), x=0.15 (e), x=0.20 (f) and x=0.25 (g, h)

where it is possible to determine the exponential power
law (p) from the slope of a plot of In W versus In 7, and
W is defined as follows:

= SR oy G)

T 4T T
where T is a characteristic temperature.

This is a powerful technique to elucidate the
character of hopping motion. All the In W-In T slope
curves of the thick films are shown in Fig. 4 and the p
values for all the thick films are listed in Table 1. It is

found that most of the data in the slope curves in Fig. 4
are very scattering. This is due to the fact that it is a
differentiation method and therefore sensitive to the
scatter in the original p—T data. The p values of
composite films containing compositions with x=0.05,
0.15 and 0.2 are close to 0.5, and those of the films with
x=0.1 and 0.25 are within the range of 0.5-1. For
conventional VRH (Variable-Range Hopping), 0.25<p<l1,
while for NNH (Nearest-Neighbour Hopping) in the
quantum tunneling regime, p=1. Obviously, the
conduction of all the thick films can be well described by
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VRH. It is well known that VRH motion can be further
divided into Mott—-VRH (p=1/3) and ES (Efros—
Shklovskii)~-VRH (p=1/2) [17]. For the conduction of
the films with x=0.05, 0.15 and 0.2, it is more accurate to
be described by ES—VRH. Considering that the p values
of composite films containing compositions with x=0.1
and 0.25 are rather high exponents for general ES—VRH,
here it is deduced that the hopping type might be a
transition from ES—VRH to NNH.

3.3 I-U characteristics

Current—voltage (/—U) behavior is one of the most
interesting properties in NTC thermistors, which is an
indicative of the voltage drop “U” as the increase of DC
current “/I” through the device. Figure 5 illustrates the
typical /—U curves of the thick-film NTC thermistors

82 83 84 85 86 87 88
In(T/K)

82 83 84 85 86 87 88
In(T/K)

(e) ™

82 83 84

86 87 838

In(T/K)
Fig. 4 In W vs In T plots for composite NTC thick films with x=0.05 (a), x=0.1 (b), x=0.15 (c), x=0.2 (d) and x=0.25 (e)
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Fig. 5 Current—voltage (/—U) characteristics of thick films at room temperature with x=0.05 (a), x=0.1 (b), x=0.15 (c) and x=0.2 (d)

at 25 °C. The curves were obtained after sufficient time
remaining in the thermistors to arrive at a steady state. In
Fig. 5, the peak values of voltage occur at some currents
where the thermistor body temperature must be above
the ambient, and the further increase of current causes so
much self-heating that the resulting dropping resistance
causes the fall of voltage. The peak values of voltage
(Un) and the corresponding current (/) in the /-U curves
are also listed in Table 1. It is observed that the peak
value of voltage increases and the corresponding
peak-voltage current decreases with increasing the
compositions (x). This is in well agreement with the
trend of room temperature resistivity of the thick films
listed in Table 1. In order to elucidate the conduction
mechanism, the /-U curves are further plotted by
logarithmic /- U, as shown in Fig. 6. For the /- U region
from the initial current to /o, it is observed that the slope
(S) of the curves approximately equals to 1 (S;=1) and
therefore the region is believed to be an Ohmic behavior.
With the further increase of current, the slope is very
small (both S,; and S,, are lower than 0.5). But the
low-slope region is still dominated by Ohmic conduction.
This decrease of slope of logarithmic /—U curves results
from the fact that the self-heating developed in the
thermistor begins to emerge by the action of current

through the thermistor body. The further increase of DC
current leads to the rise of slope (S;) and denotes that the
conduction is again controlled by normal Ohmic
mechanism.

3.4 Impedance characteristics

Impedance spectroscopy is a powerful tool to
analyze the conduction contribution for bulk
materials [20—22]. Thus, it is also used to characterize
the electrical properties in thick films. The complex
impedance spectroscopies of the thick films at room
temperature are plotted in Fig. 7. Where Z' and Z" denote
the real and imaginary parts of impedance, respectively.
For x=0.05, the Z"—Z' plot shows the incomplete circular
due to lower room temperature resistance of the thick
film. With the further increase of composition (x), a
small arc at low frequencies and an incomplete large arc
at high frequencies are observed in the Z"-Z' plots
shown in Fig. 7(b). In Fig. 7(c), the Z"=Z’ plots for the
compositions with x=0.15, 0.2 and 0.25 exhibit more
pronounced behavior and are clearly separated into two
semicircular components. These characteristic electrical
impedances can be well reproduced by an equivalent
circuit with two CPE-R parallel circuits, as shown in the
inset of Fig. 7(c), where CPE (Constant Phase Element)
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Fig. 6 Logarithmic /-U curves of thick films at room temperature with x=0.05 (a), x=0.1 (b), x=0.15 (¢), and x=0.2 (d)
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Fig. 7 Complex impedance spectroscopies of thick films at room temperature with x=0.05 (a), x=0.1 (b) and x=0.15-0.25 (c)
(Equivalent circuit model in inset of Fig. 7(c) are used for fitting impedance data)

represents the non-ideal capacitance and R is the
electrical resistance. The semicircle at the low frequency
side corresponds to a contribution from circuit CPE,-Ryy
(Paralleling of CPE,, and Ry), while that at the high
frequency side corresponds to the contribution from
circuit CPEg-R,, where the subscripts “gb” and “g”

represent  the grain  boundaries and  grains,

respectively. Hereinafter, the impedance responses
in all samples are decomposed into two components and
the fitted results are illustrated in Table 2. Interestingly,
the grain response shows higher electrical resistance
than the grain-boundary response. The
difference in the electrical response may be associated
with the differences in the compositions and/or the

obvious
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Table 2 Fitted parameters from grains and grain boundaries of
thick films

Grain Grain boundary
Composition
) CPE,/ ; R/ CPEg/ - Rgy/
ao"F "t o @10°F) ¥ Q
0.95BCCB—
- - 1274 2550 0.79 30.6
0.05BBFS (x=0.05)
0.9BCCB-
1.874 1 3535 4.659 0.92178.9
0.1BBFS (x=0.1)
0.85BCCB—
1.490 0.88 1001 1.419 0.86535.1
0.15BBFS (x=0.15)
0.8BCCB-
1.506 0.89 1349 1.544 0.84580.8
0.2BBFS (x=0.2)
0.75BCCB—

2309 1 1720 1.071 0.88 1034

0.25BBFS (x=0.25)
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microstructures for each of thick-film samples. When
BBFS with high melting point is added into the
low-melting BCCB material, the BBFS grain is firstly
encaged by low-melting BCCB phase during the
sintering process and then an approximate core-shell
structure for the film grains may form in the composite
films. According to the core-shell structures, the grain
boundaries or the contacting interfaces between two
grains are mainly composed of conductive BCCB phase
with low melting point. Thus, the grains containing
high-resistance BBFS phase show high electrical
resistance, while the grain boundaries of thick films
show low electrical resistance.

The interior information obtained from grains may
be better understood by comparing M" (Imaginary part of
electric modulus) and Z" spectroscopic plots shown in
Fig. 8. In Fig. 8, all the Z" spectra show one peak and
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Fig. 8 Combined Z”, M" spectroscopic
plots of thick films at room temperature
with x=0.05 (a), x=0.1 (b), x=0.15 (c),
x=0.2 (d) and x=0.25 (e)
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one inflexion point but the M" spectra only show one
peak. The single Z" inflexion point corresponds to the
grain boundary relaxation behavior. The associated
capacitance of the lower frequency M" peak is too large
to be detected easily in the M" spectroscopic plot. At
higher frequency region, the only peak in M" and Z"
spectra is attributed to the contribution of grains.
However, it is found that the peak position in M" and Z"
spectra is not in the same frequency. This denotes that a
weak composition difference in the grain surface occurs
and the grains should be further divided into two parts of
grain shells (gs) and grain cores (gc). However, it is very
difficult to distinguish between grain shells and grain
cores by Z-view software due to the weak difference. A
further investigation needs to be made in the future.

4 Conclusions

1) All thick-film compositions adopt the simple
perovskite phases of cubic BajsBiysFegoSng ;03 and
monoclinic BaCog 4,Cog 04Big 0405 -

2) With the increase of Bag sBig sFey9Sny 105 content,
the room temperature resistivities, activation energies
and thermistor constants of the as-sintered films are in
the ranges of 1.47-26.5 Q-cm, 59-116 meV and
678—1345 K, respectively.

3) The conduction hopping type could be described
by ES-VRH for the thick films with compositions x=0.05,
0.15 and 0.2, and that of the composite films with x=0.1
and 0.25 may be a transition from ES-VRH to NNH.

4) With the increase of the BagsBigsFeoSng 03
content, the peak values of voltage show the increasing
trend within the range of 18.9-47.0 V and the
corresponding peak-voltage current decreases to 40 mA.

5) The thick films are composed of grains and grain
boundaries and the electrical resistance of grains are
larger than that of grains boundaries at various
compositions.
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