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Electrical properties of SrBi ,Ta,Oq ferroelectric thin films
at low temperature
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Center for Optical Materials Science and Engineering Technologies, School of Material Science
and Engineering, Clemson University, Clemson, South Carolina 29634-0971

Robert W. Schwartz
Department of Ceramic Engineering, University of Missouri, Rolla, Missouri 65409-0330

(Received 14 June 2002; accepted 12 October 002

The temperature dependence of electrical properties for, B, thin film capacitors with
platinum electrodegPt/SBT/P} on silicon wafers was studied from 10 to 300 K. With a decrease

in temperature from 300 to 200 K, the remanent polarization of the thin films shows about an 11%
reduction from its 300 K value; however, it is reduced by about 87% reduction from its 200 K value
when the temperature drops from 200 to 100 K. With a decrease to 200 K, the polarization fatigue
was significant, and the capacitor shows an approximate 29% reduction in polarization from its
initial value following 13° cycles. The dielectric response and leakage current of the thin films were
also studied over the same lower temperature region. These results are helpful in the understanding
of the fatigue-free behavior observed in SfBi,Oq thin films at room temperature and provide
additional insight into their use for ferroelectric memory applications.2@2 American Institute

of Physics. [DOI: 10.1063/1.1527700

Recently, the use of the ferroelectric materials for non-wide range of temperature are needed to meet some automo-
volatile memory devices, in particular, ferroelectric randomtive applications(i.e., —50 °C), as well as military applica-
access memoriedRAM), has generated much interést’  tions (called Mil Speg. In spite of intensive investigations,

In FRAM, information can be stored by using the two polar-the ferroelectric and dielectric properties of films at low tem-
ization states of the ferroelectric thin film capacitor. FRAM perature have not yet been reported, although other aspects
has a lower power requirement, a faster access time, araf these materials have been investigated. For example, Yan
potentially, a lower cost than many other nonvolatileet al. reported the internal friction of SBT ceramics in the
memory devices. To meet commercial requirements for defow temperature regiori~100 K),*2'% and from these re-
vice lifetime, the ferroelectric thin films in the FRAM must sults, polarization fatigue is predicted at lower temperatures.
have reliable polarization cycling characteristics. One of theThey strongly recommend that the electrical properties of
most popular materials for this application was initially lead SBT at lower temperatures should be further studied. In this
zirconate titanatgPZT). However, PZT thin films exhibit |etter, we will report the electrical properties of SBT thin
severe polarization fatigue during electric field cycling whenfilms in the temperature regime of 10 to 300 K.

standard Pt metal electrodes are employed. In recent years, it The SBT thin films were synthesized by pulsed laser
has been discovered that ferroelectric materials belonging t@eposition(PLD) combined with a thermal annealing tech-
the layered perovskite family, such as S/B,Oq (SBT),  nique, followed by completion of the sandwich structure Pt/
show essentially no polarization fatigue with electric field SBT/Pt film capacitor devices, as described elsewttere.
cycling* Several models have been proposed to explain theompositional analysis was performed using an inductively
fatigue-free response of SBT thin films, such as the contricoupled plasma quantemeter, yielding a ratio of Sr:Bi:Ta to
bution of the (B}O,)*" layer>* which prohibits carriers pe 1.0:1.98:2.0 for the SBT film. The crystallographic struc-
from coming into perovskite layers due to charge compensaure of the films was characterized by x-ray diffraction. The
tion by self-regulating their position in the lattiéé;and easy  dominant orientations of the films on the platinized silicon
unpinning of domain walls from space chaftfewhich can  syubstrates wer€008 and (115. The microstructure of the
be viewed as a self-recovery mechanism. films was observed by transmission electron microscopy

Most of the data in previous reports can be explained bypjan-view and cross-sectiprand showed a mean grain size
one of these mechanisms. However, this does not mean thaf about 200 nm, thickness of about 200 nm, and a dense

SBT thin films have no fatigue under all conditions. In fact, fiim morphology with abrupt interfaces. This microstructure
SBT films are known to exhibit fatigue at temperaturesis typical of PLD films*~1°

greater than room temperature. When SBT films were heated  Ferroelectric properties of the SBT thin films in the tem-

up to 125°C, for examplé, fatigue began to appear and perature regime of 10 to 300 K were measured using an
polarization ozlecreased by more than 10% of its initial valuerTgeA ferroelectric tester from Radiant Technologies. Di-
following 10*? cycles. Data for FRAM performance over a electric properties, such as capacitance—voltage-\()
characterization, dissipation factor (t§nand dielectric con-
dElectronic mail: pxyang@clemson.edu stant ,) of the films, were also measured by an HP4194A
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0 2 4 6 8 Figure 2 shows the capacitance and dissipation factor
Applied Voltage (V) (tané) versus voltage relations in SBT films as a function of
temperature. The curves in Fig(a2 show maxima in the
—e—300K capacitance values at approximately the coercive fiéld (
«— 20} —v—250K =V_./d). The magnitudes of the maxima weaken with de-
E —a—200K creasing temperature, and essentially disappear at 10 and 100
g ) — S K. From Fig. 2b), the tand value at zero field is about
o \ 0.0077 at room temperature, which is typical of the value
L . reported for SBT films prepared by the metalorganic
@ decompositiod® As shown in Fig. 2, the peaks with the
10° 10° 10’ 10° 10" direction of applied field scanning are asymmetric, which
Bipolar Switching Cycles (N) originates from the asymmetric conduction of the capa&?tor.

Information on predicted phase transitions at lower tem-
FIG. 1. The temperature dependence of twice the remanent polarizatiob(:)rature has not been reported for SBT films or ceramics.
(2P,) of SBT thin films: (a) 2P, at 3 V for both decreasing temperature e . . L
(open, increasing temperaturesolid), and the hysteresis loop at variable Our capabilities for studying this issue are limited. Further-
temperatureinse and (b) 2P, vs voltage at various temperature; a@  Mmore, the results of internal frictidh'® from 100 to 270 K
the fatigue behavior of R, as a function of temperature at 3 V bipolar pulse and far-infrared spect’r%down to 30 K studies for SBT did
with 1 kHz. not give any indication of phase transitions at lower tempera-
ture. Herein, we believe that origin for the temperature effect
impedance/gain-phase analyzer in the same temperature 1&-2P, may arise from switchable polarization that is frozen
gime. at a lower temperature. In our SBT sample, 180° domain
Figure 1 shows the temperature dependence of twice thwalls dominate. The wall potential below a certain tempera-
remanent polarization (2) of the SBT thin films. In Fig. ture has a “boxlike” shapé? which induces a defect to
1(a), with a decrease in temperature from 300 to 200 K, thestrongly pin it, and the potential well is deepened with de-
remanent polarization of the thin films shows about an 119¢reasing temperature. These factors make depinning difficult
reduction from its 300 K value; an 87% reduction is ob-and reduce switchable polarization. This results in a decrease
served when the temperature is decreased from 200 to 100 K 2P, with decreasing temperature as well as fatigue at
The curves for both decreasing temperat(open and in-  lower temperatures, both of which are observable in Hig. 1
creasing temperatuxgolid) in Fig. 1(a) are completely sym- (open and (c). Conversely, when the temperature is in-
metric, which indicates that the sharp decreaseRpl&low  creased, the switchable polarization again increases due to
200 K is not caused by an extraneous effect such as electrog®allowing of the potential well and the corresponding re-
delamination at lower temperature, but is an intrinsic prop-duction in the tendency of a defect to act as a pinning site.
erty of the SBT film. As shown in Fig.(b), 2P, increases The result of this is that the originalF2 values are recov-
with increasing voltage and then saturates at higher voltagesred, which can be seen in Figal (solid).
In addition with increasing temperature, these polarization ~We assume that the capacitance consists of linear and
values saturate at lower voltage. Figc)lshows the fatigue nonlinear part$® C=C;+ (dP(E)/dE)S/L, whereC; is the
behavior of 2P, as a function of temperature. Near room linear capacitance?(E) is the polarizationE is the applied
temperaturé¢300 to 250 K, SBT has excellent fatigue resis- field, L is the thickness, an& is the area of the capacitor.
tance. However, for lower temperatufiee., at 200 K, the  From this equation, the capacitance peaks in Fg). orre-
onset of fatigue occurs at about®@ycles and the magni- spond to polarization reversal, and the peak intensity de-
tude of 2P, drops significantly. At 200 K, the capacitor pends on the amount of switchable polarization. The dissipa-
shows an approximate 29% reduction in polarization from itgion in the films is mainly from the field-induced motion of

initial value following 13° cycles in Fig. 1c). domain walls. Thus, the peaks in FigbR also result from
Downloaded 20 Apr 2009 to 131.151.26.90. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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FIG. 4. Temperature dependence of the leakage current of a Pt/SBT/Pt
sample at 3 V(@) J, and(b) J_ are leakage currents with the top electrode
positively and negatively biased, respectively.

polarization reversal. As shown in Fig. 2, with decreasing

temperature, the amount of switchable polarization lesserf®r the temperature effect ofFZ at lower temperature, i.e.,
due to domain pinning, or the freezing of domains, whichthe freezing of the switchable polarization, is discussed.
suppresses the magnitude of peaks. Because of this, polarizBhese results are helpful in understanding the fatigue-free
tion reversal in the films is diminished resulting in the dis- response observed at room temperature, and are also neces-
appearance of the peaks in both the capacitance and the diary to fully characterize SBT for memory applications in
sipation curves, as illustrated in Fig. 2. The results ofwhich a broader temperature range is anticipated.
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