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High speed performance of Pb(Zr,Ti)O; capacitors
through lattice engineering
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Abstract

High speed performance of ferroelectric Pb (Zr,Ti) O; (PZT) based capacitors is reported. La substi-
tution up to 10% was performed to systematically lower the coercive and saturation voltages of
Epitaxial ferroelectric capacitors grown on Si using a (Tis «Al, 1) N/Pt conducting barrier composite.
Ferroelectti¢ €apacitors substituted with 10% La show significantly lower coercive voltage compared
to capacitors with 09 and 8% La. This is attributed to a systematic decrease in the tetragonality (i.e.,
c/a ratio) of the ferroelectric phase. Furthermore, the samples doped with 109 La showed dramati-
cally better retention and pulse width dependent polarization compared to the capacitors with 0%
and 3% La. These capacitors show promise as storage elements in low power high density memory

architectures.
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1. Introduction

There is currently considerable research and
development effort aimed at developing nonvola-
tile ferroelectric memories using the intrinsic
remnant polarization available in ferroelectric
materials. Two types of ferroelectric materials,
namely the lead zirconate titanate perovskite
system (PZT family) and the layered perovskite

based on strontium bismuth tantalate (SBT) are

being explored. Specifically in the case of the lead
based perovskite, the problem of fatigue has been
resolved using conducting oxide contact electro-
des.”? In conjunction with the materials and
process development, other circuit related issues
are also being extensively studied. One specific
issue is the operability of the ferroelectric capaci-
tors at voltage levels lower than the standard 5V
operation. Low voltage operation is particularly

desirable in future generation memory devices
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whiph-wdll function in'information systems pow-
ered in the range of 1.5~3V.” Reduction in the
operating voltage level means that the ferroelec-
tric capacitor materials properties also have to be
optimized further. Particularly, it is desirable that
the hysteresis loops saturate at applied voltages of
the order of 1.5~ 3V with coercive voltage in the
range of 0.5~0.7V. Further, it is important to
characterize the ferroelectric properties using test
conditions within this voltage range. In this paper,
results of experiments aimed at addressing this
low voltage operation issue are reported, using La
substituted PZT (PLZT) up to 10% as ferroelec-
tric thin layers with La-Sr-Co-0O (LSCO) electro-

des.

2. Experimental

The heteroepitaxial thin films of the whole
stack (LSCO/PZT/LSCO) using conducting bar-
riers ((Ti-«AlLJN composites) on Si (100) were
in-situ grown by pulsed laser deposition (PLD).
In this technique, ~20 ns pulse width excimer
laser (248 nm) beam with an energy density of 2
J/cm? was used in the oxygen ambient of 100
mTorr at elevated temperatures (600°C to 650°C.
Temperatures were controlled by a programmable
circuit board. Temperature ramp up rate was 20°C
/min. and cooling rate was 5°C/min. Epitaxial
(Tio ¢ Ale.1) N filras of 600 A thickness were depos-
ited on hydrogen-terminated (100) Si using a ta-
rget of the same nominal composition. (Ti-x Aly)
N barriers have recently attracted attention due
to their better oxidation resistance and stability at
elevated temperature.* ® The PLZT layer thick-
ness was 1500 ( and the top and bottom LSCO lay-

ers were each 700 A The crystalline quality and
phase purity of the ferroelectric stack was con-
firmed to be pure perovskite with a high degree of
[100] orientation by x-ray diffraction studies.
Furthermore, x-ray phi-scans revealed a strong
degree of in-plane orientation in all the layers.
Finally, transmission electron microscopy studies
show clean interfaces between the various layers.
Electrical measurements were carried out using a
high speed pulsed test setup as well as a Radiant
technologies RT66A tester.

3. Result s and Discussion

La substitution in the PZT layer systematically
reduces the c-axis lattice parameter and the c/a
ratio. In the ceramic targets, the c-axis lattice
parameter decreases while the a-axis lattice ex-
pands, as shown in Fig. 1, consistent with what is
reported for other tetragonal bulk PZT ceramics.”
The c-axis parameter of our epitaxial films is

slightly smaller, but a-axis parameter is larger

1.06 . r T T T — 4.2
™ —@—Film-cfa [~ Film-¢
N - Bulk-cia - Film-a
105 \ - -Bulkc <
S\\ - V—Bulk-a ~—
R - 1 141 €
L 104 [ \E:\ g
® : STeln @
- [ =
(3] L
; 1.03 8
[ 14 o
2
102 [ =
-l
1.01 3.9

0 2 4 6 g 10
La Substitution %

Fig. 1 a-axis and c-axis lattice constant and c/a
ratio, from x-ray dffraction measurements,
for both thin films and bulk PLZT ceramics
as a function of La substitutior.
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than the bulk values by about 0.05-0.1 A These a-
axis and c-axis parameter differences can be
caused by the tensile stress in the plane of PZT
films resulting from the thermal expansion mis-
match during cooling.” Finally, the c-axis param-
eter in our films also decreases with increasing La
content, consistent with previous report for thin
film.” -
Representative hysteresis loops, pulsed polari-
zation (P*-P”~ for a pulse width of 2 msec and
coercive voltage for 10%, 3% and 0% La substi-
tuted PZT films are shown in Fig. 2. The loops for
10%, 3% and 0%-PLZT films are well saturated
at 3V with coercive voltages of the order of 0.7V,
1.3V and 1.4V, respectively. Pulsed polarization
values of 10 % La substituted samples changed
slightly in the applied voltage range of 1.5-3V, but
3 % and 0% samples showed a rapid decrease in
pulsed polarization with decreasing applied volt-

age. This is an important indicator of the effect of
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Fig. 2 Pulsed polarization, AP (P*, switched-P", no-
nswitched) and coercive voltage as a func-
tion of applied voltage for epitaxial LSCO/
PLZT (10%, 3% and 0% La substitution)/
LSCO capacitors using Pt/ (Ties Ale1) N con-
ducting barriers on Si (100). Inset shows the
hysteresis loops, measured at applied volt—
age of 3V.

La substitution on the switching characteristics of
the ferroelectric film. The pulse polarization data.
show that although the hysteresis loops seem to
indicate saturation at approxima:cgly 3V, the ca-

pacitorsewith lower :Lia substitution switch reluc-

_tantly at lower voltages.

This difference in field dependent switching
behavior can be understood through the effect of
the c/a ratio on domain structures. For example,
TEM studies of bulk PLZT show that in tetrago-
nal” and rhombohedral® ™ PZT systems, the
domain structure gradually changed from normal
micron-sized domains (i.e., 20° domains) through
tweed-like domains to nanodomains with increas-
ing La content. We expect that the 10% La PLZT
thin films have a tweed-like domain structure
while the 0% and 3%-PLZT films have the nor-
mal micron-sized ferroelectric domains. As in the
case of the bulk materials, this progressive change
in domain structure with La substitution is a di-
rect consequence of the effective ¢/a ratio of the
tetragonal structure. The x-ray Bragg scans for
our films clearly show that as La content is in-
creased up to 109, the broadening of x-ray peaks
due to splitting into a- and c-domains is gradually
reduced. It has been reported earlier that the re~
duction of the x-ray broadening is a result of the
change of domain structure towards nano polar
domains.” Thus, the structural evidence strongly
suggests that 10%-PLZT films have the tweed-
like domain structure.

TEM studies for PZT films with 10% and 0% La
contents were performed to investigate the syste-
matic variation of domain étruétures, as shown in
Fig. 3 (a) and (b), respectively.v’ The TEM studies
do indicate that the 09 PZT sample has a 90° do~
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Si : 200nm

Fig. 3 Bright field TEM image of (a) epitaxial LSCO
/PLZT (10% La) /LSCO/Pt /TIAIN hetero-
structure on Si (100), and (b) PZT (0% La)/
LSOO/Pt/TIN/SI (100).

main structure while the 10% La films do not. The
TEM image of PZT film with 10% La content
shows similar microstructure to the nanodomains
of bulk PZT reported previously,” which had very
fine features inside the PZT. This sample also
shows very clean interfaces, especially between
PLZT and LSCO, and consequently no evidence
for interaction between adjacent layers. However,
TEM images of the PZT films and 0% La content
show that much strain is involved in the PLZT and
LSCO film, and high concentration of defects,
such as dislocations, exists, especially in the inter-
face between PLZT and bottom LSCO, compared

to the PZT sample with 10% La content. Arrows
in TEM images of the PLZT films (0% La) indi-
cate twin boundaries slanted to 45 ( with the film
surface. The diffraction pattern using the [110]
beam direction clearly shows extra spots, indicat-
ed by arrows, due to 90° rotations of lattices resu-
Iting from twinning. These results from TEM
observation confirm that the PLZT films with 3%
and 0% La contents have 90° domains with twin
structures. The direct correlation between the ¢/a
ratio and the coercive voltage is important to
note. The larger coercive voltage of 0% and 3% -
PLZT samples seems to be related to the 90° do-
main structure in them, suggesting that switching
of 90° domains is energetically more unfavorable
compared to switching via 180° domains, as is
well known in the case of bulk or single crystal
materials.'?

Another important advantage of La substitution
is the dramatic improvement in the high-speed
characteristics. An important manifestation of the
lower c/a ratio and lower coercive voltage is that
the switched polarization is not significantly in-
fluenced by the write and read pulse width. This
is especially important for low power high speed
remories with access times in the range of 50-
100nsec. We have measured the switched polari-
zation (AP =P*-P") at 3V and 5V as a function of
pulse width in a high~speed set-up, the results of
which are shown in Fig. 4. As the pulse width is
decreased from 1 second to 100nsec, the switched
polarization of 10%-PLZT decrease from 28 to 18
#C/em? at 8V, i.e., about 36% decrease. However,
the pulse width dependence of 3%-PLZT at 3V is
significant, i.e., about 80% decrease. It is impor-
tant to note that the switched polarization at

100nsec and 3V is still large enough for high den-
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Fig. 4 The polarization, 4P (P*, switched-P", no-
nswitched), for epitaxial LSOO/PLZT (10%
and 3% La substitution) /LSCO capacitors
using (TIA)N/Pt on (100) Si as a function
of pulse width tested at 3V.

sity applications. Switched polarization (4P) val-

ues of about 104C/cm? were obtained for 10 %

PLZT capacitors at a lower operating voltage of

2V with high speed pulses of 1 zsec.

Consequently, the improved switching proper-
ties for 10% PLZT capacitors result from the low
resistance of domain wall movement due to the
strain reduction of tetragonal distortion.” The
dramatic difference in the high speed polarization
is also the most important consequence of the lat-
tice engineering approach that La substitution

enables.

4. Summary

The integration of ferroelectric capacitors (10
9%-PLZT) with LSCO electrodes on Si using the
(Tio 9 Aly.,) N/Pt conducting barrier composite has
been demonstrated. Test capacitors show suffici-
ent switched polarization at low voltage (1.5~
3V) and good high speed performance. A syste-

matic change in the memory-relevant ferroelec-

tric properties with La content was also demon-
strated. The beneficial effects of the controlled

reduction in ¢/a ratio are clearly shown.
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