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Ogxide electrode technology is investigated for optimization of Pb(Zr,Ti)O, (PZT)
thin film capacitor properties for high density nonvolatile memory applications. PZT thin
film capacitors with RF sputter deposited La, ;St,, CoO, (LSCO) electrodes have been
characterized with respect to the following parameters: initial dielectric hysteresis loop
characteristics, fatigue performance, microstructure and imprint behavior. Our studies
have determined that the fatigue of PZT capacitors with LSCO electrodes is less sensitive
to B site cation ratio and underlying electrode stack technology than with RuO, electrodes.
Doping PZT thin films with Nb (PNZT) improves imprint behavior of
LSCO//PZT//LSCO capacitors considerably. We have demonstrated that PNZT 4/30/70 //
LSCO capacitors thermally processed at either 550°C or 675°C have almost identical initial
hysteresis properties and exhibit essentially no fatigue out to approximately 10" cycles.

1. Introduction

Several important technological issues must be resolved before PZT thin film
capacitors are viable for use in high density, nonvolatile semiconductor memories. A
primary concern is having appropriate initial hysteresis loop behavior, such that, the
capacitors function at low operating voltages, yet remain immune to disturb pulses.
Further, these capacitors must exhibit superior fatigue performance, appropriate
microstructure for process integration and minimal tendency to imprint. While carefully
controlled Pt electrode technology may be marginally acceptable with respect to fatigue
performance for certain nonvolatile memory applications [1,2], PZT thin films with oxide
electrodes provide superior fatigue performance. PZT thin film capacitors deposited on
RuO, or LSCO electrodes have exhibited essentially no loss in switched polarization up to
10" cycles[3,4]. However, we have recently shown that the fatigue performance of PZT
capacitors deposited on RuQ, electrodes are more sensitive to underlying stack technology
and changes in B site cation stoichiometry than similar PZT capacitors deposited on
LSCO electrodes[5]. For these reasons, we have investigated PZT capacitors with RF
sputter deposited LSCO electrodes with particular emphasis on lowering the processing
temperatures. For high density memories, process temperatures of 625°C or less are
essential to maintain plug integrity and to prevent degradation of underlying CMOS
circuitry.

Imprint is a phenomenon that can seriously limit the functionality of high density
ferroelectric thin film semiconductor memories. At the material level, recent work [6-8]
has demonstrated that imprint is due to a rigid voltage shift caused by trapped electrons
near the positive head of the polarization in the near interfacial regions of the ferroelectric
thin film. Imprint, or voltage shifts in the dielectric hysteresis characteristic, can be
induced by the following treatments: (1) poling a capacitor at ambient and then subjecting
the capacitor to elevated temperature (P, / Temp), (2) applying a dc bias and subjecting the
capacitor to elevated temperature (V /Temp), (3) poling a capacitor at ambient and then
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illuminating with UV light (P, /UV) and (4) applying dc bias and illuminating capacitors
with UV radiation (V,/UV). As discussed elsewhere [8] these techniques are also able to
distinguish between electronic and ionic contributions to the voltage shift. We have used
these techniques to evaluate the effect of processing conditions on the tendency for
PZT//LLSCO capacitors to imprint. Our elevated temperature treatment typically is 145°C
for 45 min. On a device level, when the voltage shift is roughly equal to the coercive
voltage, a bit error reading can occur in a memory [7]. The error occurs since the two
remanent states (logic 1 or logic 0) are indistinguishable to the sense amplifier during
memory read operations. Thus, capacitors having imprint of this magnitude are
considered unacceptable for high density memories.

2. Experimental Procedure

The PZT and PNZT thin films discussed in this paper were fabricated by a solution
deposition procedure termed the inverted mixing order process[8]. The 0.4 M solutions
were synthesized by blending the Zr, Ti and Nb alkoxide precursors, adding acetic acid and
methanol to the solution and then adding the lead (IV) acetate precursor. Additional acetic
acid, methanol and distilled water were added to the solution to control viscosity and
improve solution stability. Solutions were spin deposited at 3500 rpm for 30 s and then
dried at 300°C for 5 min on a hot plate. Additional layers were deposited to achieve the
desired film thickness. The films in this study consisted of either 3 or 4 layers and had a
crystallized film thickness of approximately 0.3 pm or 0.4 \m, respectively.
Crystallization temperatures ranged from 550°C to 675°C, and a heating rate of 50°C /min
was used.

Both LSCO and RuO, electrodes were deposited by ambient RF magnetron sputter
deposition. RuQ, films were deposited by reactively sputtering a Ru metal target using a
50:50 oxygen to argon sputter gas ratio. LSCO films were deposited from a stoichiometric
oxide target using argon sputter gas. A typical electrode stack was 60 nm LSCO or
Ru0O,//150 nm Pt//20 nm Ti//100 nm TiO, /400 nm SiO,//Si. Because of inferior fatigue
performance of the RuO, electrodes for high Ti content films on this electrode stack, an
electrode stack of 200 nm RuO, //80 nm Ti//400 nm TiO, //400 nm SiO, //Si was also
investigated. For the LSCO electrodes, high temperature anneals were used to reduce the
resistivity of the electrodes. While 675°C for 30 min was the baseline electrode annealing
temperature, annealing temperatures as low as 550°C were shown to provide adequate
resistivity for dielectric hysteresis and fatigue measurements. For our capacitors, the
bottom electrode was annealed before the PZT film was deposited and the top electrode
was annealed after the PZT film was crystallized, both electrodes were annealed at the
same temperature. The top electrodes for the LSCO//PZT capacitors consisted of 60 nm
LSCO//100 nm Pt to reduce the series resistance. Both the initial hysteresis measurements
and the fatigue measurements were made with an RT66A ferroelectric tester.
Microstructural characterization was performed using a Philips CM30 300 kV
transmission electron microscope (TEM) and a JEOL 6400 scanning electron microscope.




3. Results
3.1. Initial hysteresis loops

Dielectric hysteresis loops for PZT 30/70 films deposited on LSCO and RuO,
electrodes and crystallized at 675°C for 30 min are shown in Fig.1. The two capacitors
have similar remanent polarization and saturation polarization values, approximately 19
UC/cm?® and 42 nC/em’ , respectively. However, the coercive voltage for the PZT film
deposited on LSCO was less than that for the film deposited on RuO, (1.8 volts compared
to 2.1 volts). There was also considerable asymmetry in the coercive voltage for the film
deposited on RuO, with +Vc = 2.87 volts and -Vc = -1.32 volts. A high temperature
post-anneal of the RuO, electrodes did not change the hysteresis loop. Both films were 0.3
pm thick and the Pt containing electrode stack described in the experimental procedure was
used. The lower coercive voltage and more symmetric hysteresis loops make the LSCO
technology more attractive than RuO, electrodes, at least for this stack technology.

3.2. Fatigue performance

The fatigue performance for PZT 30/70 capacitors deposited on RuO, and LSCO
electrodes are shown in Fig.2. Limited polarization loss (16%) is observed for the
PZT//LSCO capacitor; whereas, the polarization of the PZT//RuO, capacitor has a 80%
decrease from its initial value after 10'° cycles. For these fatigue measurements, electrodes
of 300 um diameter and voltage cycles of £6 volts, 25 kHz, across the 0.4 wm thick
capacitors were used. While the PZT//LSCO capacitor was deposited on the platinum
containing stack, the PZT//RuO, capacitor was deposited on the electrode stack that did not
contain Pt. A different underlying electrode technology was used to minimize the fatigue
of the PZT 30/70//RuO, capacitor. Much worse fatigue behavior was measured for PZT
30/70//Ru0O, capacitors using the original Pt containing stack. Further, PZT 50/50 //RuO,
films deposited on the stack that did not contain platinum, exhibited excellent fatigue
behavior with the switched polarization decreasing by less than 10% after 10'° cycles[5]. A
discussion of the effect of underlying electrode stack technology on PZT//RuQ, capacitor
fatigue behavior is outside the scope of this paper. Our fatigue measurements do show that
LSCO electrodes are considerably less sensitive to B site cation stoichiometry and
underlying substrate technology than RuO, electrodes.

3.3. Microstructure of PZT and PNZT films

High density memories require capacitors that have uniform microstructure and
fine grain size. Microstructures of identically processed PZT 30/70 and PNZT4/30/70
films are shown in the SEM micrographs of Fig.3. Niobium additions (4 at%) decreased
microstructural uniformity, decreased grain size and increased the volume fraction of
second phase. Grain size for the PZT 30/70 film crystallized at 675°C and deposited on
the LSCO electrodes was relatively uniform and equiaxed with grain sizes ranging from
0.1 to 0.25 um. No evidence of second phase was observed. The majority of the PNZT
film consisted of fine perovskite grains on the order of 0.1 um. However, a small volume
percent of large perovskite grains, on the order of 1 um, having a pancake morphology are
observed. Cross-Sectional TEM micrographs indicate that these large grains are perovskite




of high density and extend only approximately 100 nm into the film, in contrast with
rosette structures commonly reported in the literature that extend through the entire
thickness of the film. The cross-sectional TEM micrograph of the PNZT 4/30/70 film
shown in Fig.4 indicates 0.1 um, columnar perovskite grain morphology with a fine grain
(10 nm) second phase that is concentrated near the top of the film. This second phase has a
fluorite structure and essentially forms a discontinuous layer in the top 20 nm of the film.
Perovskite grains completely extend from the bottom electrode to the top electrode over
roughly 50% of the film area, with the remaining 50% of the top surface consisting of the
fluorite phase. While the microstructure of the PZT 30/70 film is superb for high density
memory applications, there are presently some concerns regarding the PNZT 4/30/70 film
microstructure for these applications.

3.4. PNZT//LSCO capacitor properties as a function of crystallization temperature

Lowering ferroelectric thin film capacitor processing temperatures below 625°C is
essential for process integration of high density nonvolatile memories. For this reason, we
have investigated the properties of PNZT // LSCO capacitors processed at the following
temperatures: 675°C, 625°C, 600°C, 575°C and 550°C. These process temperatures are
the temperatures at which both the LSCO electrode was annealed and the PNZT film was
crystallized. All PZT films were 0.4 um thick. The initial dielectric hysteresis loops of the
PNZT//LSCO capacitors processed at 675°C and 550°C are shown in Fig. 5 and are very
similar. A remanent polarization of approximately 12 pC/cm?, a saturation polarization of
approximately 34 uC/cm’ and a coercive voltage of approximately 1.3 volts were obtained
for both films. Further, as shown in Fig.6. the fatigue behavior to approximately 10"
cycles was very similar for PNZT film capacitors processed at 550°C or 675°C. The
increase in polarization with cycling may be attributed to a slight increase in leakage current
of these capacitors or depinning of domain walls. The capacitor processed at lower
temperature did exhibit more leakage under bias at 140°C than the capacitor processed at
675°C. Capacitors at intermediate process temperatures exhibited very similar initial
hysteresis loop and fatigue behavior to that shown in Fig.5 and Fig.6.

3.5. Imprint behavior

Imprint data for three different PZT//LSCO capacitors are presented in Table 1.
The effects of B-site cation stoichiometry and Nb doping [7] are illustrated by these three
film compositions: PZT30/70, PNZT 4/30/70 and PZT 45/55. All of these capacitors
were processed at 675°C for 30 min. For our data we have used two different techniques
to simulate the tendency to imprint: (1) voltage bias and temperature and (2) remanent
polarization and temperature. Voltage bias/temperature typically is a worst case condition
for imprint due to enhanced polarization caused by alignment of defect-dipoles [8] and the
increase in polarization at field compared to the remanent polarization state. The enhanced
polarization can lead to additional electron trapping. Voltage bias/temperature imprint
measurements were made by applying a positive 8 volt bias to the film, heating the film
under bias to 140°C for 20 min, cooling the film to ambient and measuring the positive
and negative coercive voltages. A negative 8 volt bias was applied to the film and the
process repeated. The imprint voltage tabulated is the difference between the coercive
voltages measured for +8 volt and - 8 volt biases, respectively. For remanent
polarization/temperature imprint measurements, the films were poled at ambient and
subjected to the 145°C/45 min thermal treatment with no bias applied. The imprint voltage




tabulated is the difference in coercive voltages measured at ambient for films subjected to
the thermal treatment and poled to the +Pr and -Pr states, respectively. It is the remanent
polarization, not the voltage bias, that is the driving force for imprint.

While the degree of imprint for PZT 30/70 films are unacceptable for nonvolatile
memories with a 2.37 volt shift, Nb doping makes these capacitors highly resistant to
imprint. The voltage imprint for the PNZT 4/30/70 film is an order of magnitude less than
for the PZT 30/70 film. We postulate that Nb doping decreases the tendency for imprint by
suppression of oxygen vacancies which in turn decreases the number of defect dipoles. A
substantial reduction in imprint voltage is obtained by increasing the Zr content of the PZT
film, as shown for a PZT 45/55 film. Compositions near the morphotropic phase
boundary exhibit the largest concentration of Ti** centers[10]. These deep electron traps
may diminish the number of carriers that can be trapped in the near interfacial ferroelectric
thin film regions, thus decreasing the observed voltage shifts. Characterization of imprint
for PZT//LL.SCO capacitors processed at lower temperatures is in progress.

Table 1. Imprint Behavior for PZT//LSCO Thin Film Capacitors

Film Composition P_/ Temp Vs / Temp
PZT 30/70 0.79 2.37 -
PNZT 4/30/70 , 0.06 0.21
PZT 45/55 0.28 <0.1

4. Summary

We have demonstrated that PZT //LSCO capacitor technology, with RF sputtered
LSCO electrodes, is viable for high density nonvolatile memories with respect to fatigue,
imprint and microstructure. While PZT 30/70 capacitors deposited on LSCO electrodes
have excellent fatigue performance and microstructure, the imprint behavior is
unacceptable. Doping the PZT films with niobium has substantially improved the
resistance of the capacitors toward imprint, while maintaining excellent fatigue properties.
However, the PNZT 4/30/70 film microstructure is not as uniform as for the PZT 30/70
films, as small amounts of a fluorite structure second phase and a few large perovskite
grains of pancake morphology were obtained. Whether these microstructural
nonuniformities are an insurmountable barrier to high density process integration is yet to
be determined. PNZT//LSCO capacitor processed at 550°C were acceptable with regard to
initial dielectric hysteresis and fatigue behavior for high density nonvolatile memories.
Capacitor process temperatures of 625°C and below are required for high density
nonvolatile memory technologies with restrictive architectures to maintain device
functionality.
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Figures:
Fig.1. Dielectric hysteresis loops for PZT 30/70 films with LSCO and RuO, electrodes
Fig.2. Fatigue characteristics for PZT 30/70 films on LSCO and RuO, electrodes

Fig. 3. SEM micrographs of identically processed PZT 30/70 and PNZT 4/30/70 films
deposited on LSCO electrodes and crystallized at 675° for 30 min

Fig.4. Cross-Sectional TEM micrograph of PNZT 4/30/70 film deposited on LSCO stack

Fig. 5. Dielectric hysteresis characteristics for PNZT 4/30/70 films crystallized at 675°C
and 550°C for 30 min, respectively

Fig. 6. Fatigue characteristics for PNZT 4/30/70 films crystallized at 550°C and 675°C,
respectively
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