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ABSTRACT 
La,,Sr0,CoO, (LSCO) thin films have been deposited using RF magnetron sp 

deposition for use as an electrode material for Pb(Zr,Ti)O, (PZT) thin film capacitors. The e 
of the 0,:Ar sputter gas ratio during deposition, on the LSCO film properties was investigated. It 
was foand that the resistivity of the LSCO films deposited at ambient temperature decreases as the 
0,:Ar ratio was increased for both the as-deposited and annealed films. In addition, it was found 
that thin overlayers of LSCO tend to stabilize the underlying W/Ti electrode structure during 
subsequent thermal processing. The LSCO//Pt//Ti composite electrode stack has a low resistivity 
and provides excellent fatigue performance for PZT capacitors. Furthermore, the LSCO//Pt//Ti 
electrode sheet resistance does not degrade with annealing temperature and the electrode does not 
display hillock formation. Possible mechanisms for the stabilization of the WRi electrode with 
LSCO overlayers will be discussed. 

INTRQDUCTION 
Ferroelectric thin films have been actively explored in recent years for use in a variety of 

microelectronic applications such as dynamic random access memories (DRAMS) and nonvolatile 
memories (FRAMs). For nonvolatile memory applications, polarization fatigue, the decrease in 
switchable polarization with repeated cycling, has been a serious issue, especially for Pb(Zr,Ti)O, 
(PZT) capacitors with Pt electrodes. Several approaches have been pursued to eliminate the 
problem of polarization fatigue. These include donor doping of PZT [1,2], use of oxide electrodes 
[3-141, and more recently use of alternative ferroelectric materials [15]. 

Several conducting oxide electrodes have been investigated to improve the fatigue 
performance of the PZT system. They include YBa$u,O, (YBCO) [3,4], RuO, [5,6], IrO, [7], 
SrRuO, [SI, and Lao,Sro~,CoO, (LSCO) [9-141 electrodes. However, YBCO must typically be 
processed at relatively high temperatures (>700”C) [3,4] which would be incompatible with any 
underlying CMOS circuitry. In the case of RuO, electrodes, the fatigue behavior of PZT capacitors 
exhibits a strong compositional dependence on the 2r:Ti ratio, with the fat ise  performance 
degrading at higher Ti contents [16]. Furthermore, P2T films on RuO, electrodes display larger 
leakage currents [17]. In contrast, LSCO electrodes can be processed at lower temperatures (550- 
650°C) than YBCO [9,10,14], and their fatigue performance is relatively independent of the PZT 
composition [ 131, making LSCO a very attractive electrode material. In this paper we present the 
effect of sputter-deposition parameters on the properties of LSCO films and LSCO//Pt//Ti 
composite electrodes used in the fabrication of nominally fatigue-free PZT thin film capacitors. 

EXPERTMENTAL 
The LSCO//Pt//Ti and W/Ti electrodes were fabricated using a combination of e-beam 

evaporation and RF magnetron sputtering. The bottom electrode LSCO films (60 nm) were RF 
magnetron sputter-deposited from a stoichiometric Ls5Sro5Co03 ceramic target onto the following 
e-beam evaporated platinum electrode stack 150 nm‘ Pt// 20 nm Ti// 100 nm TiO.J/ 400 nm SiO.J/ 
Si. The RF magnetron sputtering conditions explored in this study are outlined in Table I, 
indicating that the main process vaiiable investigated was the 0,:Ar sputter gas ratio. The sputtered 
LSCO films were prepared with a Unifilm Technology, Inc. PVD-300 sputter deposition system. 
The deposition system combines substrate rotation and scanning (computer controlled lateral 
motion of the substrate under the source) to provide a high degree of thickness/chemical uniformity 
across large substrates (up to 4” diameter in this study) from a 3” diameter planar target. The 
LSCO films were also deposited on either <loo> LaAlO, single crystal or fused quartz substrates. 

DlSTRlBUTlON OF THIS DOCUMENT IS UNLIMITED & MASTER 



The films were characterized using a standard thin film 4-point resistance measurement technique 
and atomic force microscopy (AFM). 

0,:Ar sputter gas ratio 
deposition pressure 
RF power density 

source - substrate spacing 
substrate scanning mode 

- . deposition temperature 

Table I - LSCO Sputter Deposition Conditions 

0:lOO to 50:50 (sccm) 
10 mtorr 

1.5 wattskm’ 
3.5 cm 

-97% thickness uniformity over 4” dia. 
ambient 

Deposition Parameter I .  . Setting 

RESULTS AND DISCUSSION 

Effect of the 0,:Ar Sputtering Gas Ratio 

The 0,:Ar sputter gas ratio during d 
for the as-deposited and annealed films, a 

position has a strong effect on the film resistivity, b th 
shown in Fig. 1. With the introduction of a small 
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1 - Effect of the 0,:Ar sputter gas ratio during deposition on the 

and annealed La&3ro,Co0, film resistivity. 
as-deposited 

amount of 0, during deposition the resistivity drops dramatically for both the as-deposited and 
annealed films, however no further improvement in the resistivity of the as-deposited film is 
observed with further additions of oxygen. In comparison, a marginal improvement iin the 
resistivity of the annealed film was found as the 0,:Ar ratio was increased. The link between film 
resistivity and the 0,:Ar sputter gas ratio may be related to the role that the oxygen stoichiometry 
plays in electrical transport of LSCO. Equilibrium electrical conductivity and Seebeck coefficient 
measurements indicate that both the conductivity and carrier concentration in bulk LSCO decreases 
with decreasing oxygen partial pressure [18]. This is directly related to a change in the oxygen 
stoichiometry of LSCO corresponding to a larger oxygen deficiency (Le. an increase in 6 for 
La&3ro.,Co03,) [ 191. Furthermore, since the metallic conductivity behavior .of L%5Sr,,Co03-, 
results from the formation of an “impurity band” composed of the Co3d and 0-2p orbitals 
[18,20],’a disruption of the Co-0 network, due to oxygen vacancies, may affect carrier mobility. 



, e  

Therefore it is reasonable to expect that the 0,:Ar sputter gas ratio can affect the oxygen 
stoichiometry and thus the conductivity of the LSCO film. 

In addition, some preliminary data indicate that the cation composition of the LSCO film 
also depends on the 0,:Ar sputter gas ratio during deposition. From Auger and Rutherford 
Backscatter Spectroscopy analyses, it has been observed that LSCO films which were sputter- 
deposited in a 100% Ar atmosphere, have a different &tion composition after six (60 nm thick) 
film deposition runs. In addition to the change in film composition between the first and sixth 
deposition runs, the film resistivity increases by approximately an order of magnitude. The 
mechanism by which this occurs is unclear, but could be related to excessive de-oxygenation of the 
target and/or a change in the target surface composition with the'number of deposition runs. In 
contrast, LSCO films deposited with an 0,:Ar ratio of 0.1 had no change in either the film 
composition or resistivity out to sixteen deposition runs. These data suggest that the 0,:Ar ratio is 
an important process parameter for determining the composition and resistivity of the deposited 
LSCO-film, and that the presence of 0, is necessary during deposition for obtaining optimal film 
properties. 
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LSCO and LSCO//Pt Resistivity 

While LSCO electrodes alleviate the fatigue problem in PZT thin film capacitors, the 
resistivity of LSCO is about an order of magnitude higher than that of Pt. The relatively high 
resistivity of LSCO may adversely impact the frequency response of nonvolatile memory devices 
where LSCO is used as the electrode material. One solution to this problem is to use an 
LSCO//Pt//Ti composite electrode structure. Such a composite electrode has been used to take 
advantage of the lower resistivity of the Pt and the improved fatigue behavior associated with 
LSCO electrodes [ 113. A similar approach h+ been suggested in the case of RuO, electrodes [ 171. 

The resistivity of LSCO films deposited at ambient temperature and subsequently annealed 
at various temperatures in air is shown in Fig. 2. Films annealed on both fused quartz and LaAlO, 
substrates show a rapid decrease in the resistivity with annealing temperature above -450°C; this is 
consistent with the crystallization of the LSCO film as determined with hot-stage grazing incidence 

E- 

Fig. 2 -  temperature on 

XRD. The lower resistivity of the LSCO films on LaAIO, is most likely associated with the larger 
grain size and improved crystalline quality obtained on this substrate as well as the lack of a 
possible interaction between the film and the substrate. In the case of LSCO OR fused quartz, the :r 



possible formation of silicate phases at higher annealing temperatures would degrade the film 
resistivity . 

Figure 3 shows the effect of annealing temperature on the normalized resistance of the 
electrode stack (normalized to the asdeposited resistance) for both the W/Ti and LSCO//Pt//Ti 
electrode structures deposited at ambient temperature. Notice that the resistance of the 
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Fig. 3 - Normalized film resistance as a function of annealing temperature for W/I'i 
and LSCO//Pt//Ti electrode stacks. 

LSCO//Pt//Ti stack continues to drop with increasing annealing temperature. Below -500°C the 
improvement in the stack resistance is presumably due to densification and annealing out of defects 
from the relatively porous e-beam evaporated Pt film. Above -500°C the LSCO film begins to 
crystallize affording a further improvement in the LSCO//Pt/Ri stack resistance. In contrast, the 
resistance of the Pt/Ei stack initially drops and then increases with annealing temperature (Fig. 3.). 
The initial drop in resistance of the W/Ti film is associated with the densification and annealing out 
of defects in the Pt film. However, above an annealing temperature of -500°C the W/Ti stack 
resistance increases, most likely as a result of interactions between the Pt and Ti-metal layers, as 
well as the oxidation of Ti. Previous work has shown that during annealing of the W/Ti stack, an 
intermetallic phase @%Ti,) forms in the temperature range 50O-55O0C, and at annealing 
temperatures 26OO0C, the Ti metal is completely oxidized to TiO, [21]. 

The continuous improvement in the resistance of the LSCO//l?t//Ti electrode suggests that 
the presence of the LSCO layer prevents the interactions normally observed during annealing of the 
Pt/Ei stack. One possibility is that the LSCO layer prevents or minimizes oxygen diffusion into 
the Pt film, an effect that would normally result in the oxidation of the upwardly diffusing Ti, 
thereby degrading the Pt//Ti stack resistance. 

Another advantage of the UCO/M/Ti composite electrode is that the LSCO overlayer 
suppresses hillock formation in the Pt film. The AFM results for the Z-range (the vertical distance 
between the lowest and highest feature of a given AFM scan which is an indication of liillock 
height) and RMS roughness of the WRi and UCO//Pt/Ei are shown in Fig. 4. The WEi  
electrode displays similar behavior to that repprted by Summerfelt et ai. [22] where hillock 
formation occurs rapidly as the annealing temperature is increased, followed by hillock decay 
above -500°C as reflected by adecrease in both the Z-range and RMS roughness values. 
However, hillock formation is not observed for the LSCO//Pt//Ti stack as indicated by the AFM 
data in Fig. 4. Not until the annealing temperature exceeds -6510°C~ does general roughening occur 
in the LSCO//Pt//Ti stack, possibly due to grain coarsening. The lack of hillock formation in the 
LSCO//Pt//Ti electrode is believed to. be due to the suppression of Pt surface diffusion in the 
presence of the LSCO overlayer. 



Fig. 4 - AFM results (a) Z-range, and (b) RMS roughness for W E i  and LSCO//Pt/Ei 
electrode stack structures as a function of annealing temperature. 

CONCLUSIONS 
It has been shown that the 0,:Ar sputter gas ratio during ambient temperature RF 

magnetron sputter-deposition of La&kP,CoO,, thin films, plays an important role in determining 
the LSCO film composition and resistivity. As the 0,:Ar ratio was increased, the resistivity of the 
La&3-,,sCo0,, films improved, presumably due to an increase in the stoichiometric excess of 
oxygen (a decrease in 6). 

The LSCO//I?t/Ki composite electrodes have multiple advantages. In addition to the good 
sheet resistance of the Pt and superior fatigue behavior associated with LSCO, the LSCO//Pt//"i 
electrode stack has (a) improved resistance stability and (b) lack of hillock formation during 
subsequent thermal processing. The stabilization of the stack resistance in the presence of an 
LSCO overlayer is believed to be associated with the suppression of oxygen diffusion into the Pt 
film, that would normally oxidize the diffusing Ti and thereby degrade the sheet resistance. While 
the lack of hillock formation in the LSCO//J?t/fli stack is possibly due to the suppression of Pt 
surface diffusion. In conclusion, an LSCO//Pt/fli composite structure is an attractive electrode 
system for the formation of a nominally fatigue free ferroelectric thin film memory based on PZT. 
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