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Application of thin (Ba,Sr) TiO3 filmswith
nano-phase transition for micro-thermistor
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Abstract
Ferroelectric  materials  with  high
dielectric constant, pyroelectricity and
piezoelectricity  have  recently  been

extensively applied on DRAM capacitors and
sensors. For applications on sensors, large
variations of dielectric constant and
resistivity of BST thin films with temperature
during phase transition are used to improve
sensitivity. The BST thin films with low
crystallization temperature were deposited

onto the PUTIN/TI/Ox/Si substrate by rf
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magnetron  sputter at  300°C  substrate
temperature. The BST thin films were then
post annealed by rapid thermal annealing
(RTA). Findly, physicd and electrica
properties of the BST thin films were
investigated. In our experiments, BST thin

Pt films revealed positive TCR (PTCR) effect,
( MF Mwhich can be applied on thermal sensors.

Reasons and Purposes

During the past decades, high
temperature coefficient resistivity (TCR)
materials have been widely investigated and
applied on thermistors as thermal detectors or
infrared sensors due to their low cost and
excellent thermal response. [1] There are two
kinds of these TCR materids. positive
temperature coefficient resistivity (PTCR)
and negative temperature  coefficient
resistivity (NTCR). Of these materials,
BaTiO; (BTO) is the most famous. The
abnormally high positive TCR of BTO
ferroelectric materials, observed at the Curie
temperature (T¢) in 1955 [2], have attracted
much attention to their applications and
conduction mechanisms. Thermal detectors
that use PTCR material can prevent the effect
of thermal runaway, so the complementary



circuits can be greatly simplified [3]. The
substitution of Sr for Ba in BTO solid
solution, forming (Ba,Sr)TiOs, can adjust the
Curie Temperature to obtain proper operation
condition of a thermistor, ex: a room
temperature. Techniques for fabrication
microelectro-mechanical systems (MEMS)
and integrated circuits (ICs) are generally
applied to high TCR microthermistors [4].
However, alow thermal budget process must
be implemented to prevent damage to the
underlayer structures of MEMs and the
embedded ICs. In this work, the BST films
were post-annealed by rapid thermal
annealing system (RTA), which is a
low-thermal-budget technique, to yield
excellent electrical properties. Many studies
have considered the TCR effect of bulk BST,
but few have reported the TCR effect of thin
BST films[1][5]. The conduction current of a
BST was measured at temperature ranging
from room temperature to 410 K, and the
conduction mechanisms were investigated
systematically.

Experiments
BagsSr olzTi O3 film (300nm) was
deposited on  PUTIN/Ti using a

radio-frequency (rf) magnetron co-sputtering
system at a substrate temperature of 300°C.
The rf powers used to deposit BaTiOs; and
SITiO; were 185 W and 185 W, respectively,
yielding a Ba/Sr ratio of 8:2. The BST films
were subsequently post-treated by RTA
syssem a O, ambient with different
temperature and different time. Finally, the Pt
top electrode of 100nm was deposited onto
the BST film. The crystalinity was then

characterized by X-ray diffraction (XRD,
Siemens D5000 diffractometer). The XRD
patterns show the polycrystaline nature of
the perovskite BST formed in this work. The
current-temperature  characteristic ~ was
studied using the PU/BST/Pt
(metal-insulator-metal, MIM) structure, as
shown in Fig. 1. Then, the testing voltage
was biased on the top electrode, and the
bottom electrode was grounded. An
automatic measurement system, combining
an HP4156C and a probe station, was
employed to obtain the current- voltage (I-V)
characteristic of the BST resistors. The
current-temperature testing was carried out
using a hot plate.

Results and Discussion

The TCR is defined according to the
following formulas [4][6]:

TcrR=+ R (1)
R dT|
where T and R represent the temperature and
the resistance, respectively. Fig. 2 plots the
resistances and TCR characteristics of BST
films without post-treatment, and with post
RTA treatments at 400, 500 or 600°C at —3V.
The resistances of al these films polarized at
a negative bias decreases as temperature
increase. Hence, these negative polarized
films behave negative TCR (NTCR), which
is greatly enhanced for the BST films
post-treated by RTA at 400, 500 and 600°C.
A maximum NTCR as high as 13.8% was
achieved at abias of —3 V for the RTA 400°C
sample. However, the RTA 500 and 600°C
samples show different TCR trends due to



the differences in R, as calculated in EQ. 1.
Generdly, the conduction current of BST
film is induced by the presence of oxygen
vacancies according to the equation:

0, o V2" +2e +%o2 2

where O,, V>, and e denote the oxygen

ion on its normal site, an oxygen vacancy,
and respectively. High
concentration of oxygen vacancies led to
n-type conductivity of the BST materials due
to the electrons generated, causing large

electron,

conduction currents. However, at lower RTA
temperature, the damage induced by thermal
stress due to rapid temperature change is
dlight. Besides, the O, ambient during RTA
compensates oxygen vacancies effectively.
Thus the conductivity is suppressed. On the
other hand, when the RTA temperature
increases, the therma stress and oxygen
vacancies, which will degrade the BST films,
are more severe. The crystallinity of the BST
films is aso improved obviously at higher
RTA temperature. Therefore, the conductance
of BST filmsincreases with RTA temperature
at higher RTA temperature.

The conduction  mechanisms  of
metal/ferroelectric/metal (MFM) resistors are
usually interpreted as interface-limited and
bulk-limited conductions.[7][8] Generally
Schottky emission (SE) governs the
interface-limited current in the Pt/BST films,
and the leakage current is expressed as
Jse=A*T?exp{-q[ @ -(QE/ATT € 4€ o)"]/KT}

©)
(Where A" is the effective Richardson’s
constant, @, is the potentia barrier height

at the surface, &, is the dynamic dielectric
constant of the ferroelectric material in the
infrared region, q is the unit charge, k is
Boltzmann’'s constant, T is temperature, and
E is the external electric field). If the
conduction current is governed by SE
behavior, then log(JIT?) against EY? and 1/t
plots should be linear. Fig. 3 illustrates the
Log(JT? ) vs. E Y2 curves of BST films
without post treatment and post treated at
400, 500, and 600°C, respectively. Clearly,
Log(JT?) increases linearly with the increase
of EY2, thus we can attribute the conduction
mechanism of BST films under negative bias
as Schottky emission. Fig. 4 presents the
resistances and the TCR characteristics of the
BST films polarized at a positive bias. The
BST films without RTA treatment and with
RTA treatment at 400°C exhibit NTCR at +3
V, as shown in Fig. 4(a) and (b), but for the
films treated with RTA 500 and 600°C reveal
positive TCR (PTCR) in a temperature range
for measuring temperature from 300 to 373K,
as shown in Fig. 4(c) and (d). In Fig. 5 and
Fig. 6, we have presented that BST films post
treated with RTA at 500 and 600°C do not
exhibit SE behavior under positive bias at all.

The electron energy bands explain the
NTCR/PTCR effects of the RTA-treated
BST films under negative/positive bias, as
presented in Fig. 7 and Fig. 8. The BST films
post-annealed by RTA in oxygen ambient are
greatly improved due to compensation for
oxygen vacancies at the upper surface;
accordingly, SE behavior dominates the
conduction current at a negative bias, as
indicated in Fig. 7. Hence, the
negative-biased conduction current exhibits

an NTCR effect according to the



current-temperature relation of Eqg. 3.
However, the BST/Pt films treated by RTA
at high temperature (>500°C) are subject to a
large thermal stress due to the abrupt fall in
temperature, and thus many defects are

induced at the interface of
BST/Pt-bottom-electrode  interface.  The
thermal -stress-induced interface states

generated the injected electron current. Thus,
the conduction current of BST film
post-treated by RTA treatment is bulk limited
under positive bias, as indicated in Fig. 8.
Generaly, the barrier scattering or the
charge-detrapping rate governs bulk-limited
current. [9][10] The current-temperature
relationship for the grain boundary scattering
is deduced using the Heywang formula at
around the transition temperature (T.) for
ferroelectric materials according to [1][10]
_e’N,d?
R Uexp(-q@/KT) , ¢= 2ee, 4

where R;s is the resistance of the sample; ¢

and d are the potential height and depletion
width at grain boundaries;, £ and Ny present
the electron mobility and the donor
concentration in the films, and k is the
Boltzmann constant. The barrier height
according to the Heywang model increases
with temperature. The Heywang barrier
scattered the injected-current at a positive bias,
and thus this bulk-limited current exhibits the
PTCR phenomenon.

Conclusions

In thiswork, all the Pt/BST/Pt thin films
polarized at negative bias revea NTCR
behavior, but the RTA-treated samples
polarized at positive bias exhibit PTCR
behavior. The leakage current of the samples
with RTA treatment increased due to
increasing oxygen vacancies, but all the

samples formed Schottky barrier because the
O, ambient gas compensated oxygen
vacancies at upper surfaces. Hence, SE
dominates the conduction current of tha
samples biased at negative voltage, inducing
the NTCR phenomenon. RTA treatment
results in a steep gradient of the temperature
decrease across the interface between the
bottom electrode and the BST film, and thus
induces residual thermal stress. The injected
electron current is therefore formed by the
thermal-stress-induced interface states at
positive bias, and this bulk-limited current is
governed by Heywang barrier scattering.
Hence, the positive biased RTA-treated BST
film exhibits the PTCR phenomenon.
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Fig. 1 Thin-film resistor of Pt/BST/Pt/TiN/Ti
structure with intercrossing top/bottom el ectrodes
for TCR testing
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Fig. 2(a) TCR characteristic for the BST thin
films without RTA at —3V.
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Fig. 2(b) TCR characteristic for the BST thin
filmswith RTA 400°C at —-3V.
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Fig. 2(d) TCR characteristic for the BST thin
films with RTA 600°C at —3V.

o
C
an R o0

RN S
T

-10
-12
-14

10g(3/T%) (Alcm™*K?)

-16F

.18 -
-200 -300
Electric Field"

(V/cm)”2

Fig. 3log (JT?) vs. EY? plots for the BST thin
films treated with various RTA conditions at
negative bias.
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Fig. 4(a) TCR characteristic for the BST thin
films without RTA at +3V.
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Fig. 2(c) TCR characteristic for the BST thin
films with RTA 500°C at —3V.
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Fig. 4(b) TCR characteristic for the BST thin



films with RTA 400°C at +3V.
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Fig. 4(c) TCR characteristic for the BST thin
films with RTA 500°C at +3V.
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Fig. 4(d) TCR characteristic for the BST thin
filmswith RTA 600°C at +3V.
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Fig. 5log (JT? vs. T plots for the BST thin
films with RTA 500°C at positive bias.
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Fig. 6 log (JT?) vs. /T plots for the BST thin
films with RTA 600°C at positive bias.
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Fig. 7 Electron energy bands for RTA-treated
BST films at negative bias.
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Fig. 8 Electron energy bands for RTA-treated
BST films at positive bias.



