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Progress Report 

Synthesis and Characterization of Oxide Superlattice Coatings 

Status of effort 

During this reporting period, we have made progress in the deposition and characterization of 

novel nanometer-layered yttria/zirconia coatings. Fully oxidized Y203/Zr02 superlattices of 

bilayer thicknesses A ranging from 2 nm to 100 nm have been deposited at high rates of = 3.4 

|im/hour, or 70% of the pure metal rates. The superlattices were structurally characterized using 

X-ray diffraction (XRD) and transmission electron microscopy (TEM). The Zr02 layer exhibited. 

its high temperature ( > 2400 °C) cubic-fluorite structure at small layer thickness < 7 nm, 

epitaxially stabilized by the cubic Y203. The mechanical properties of the superlattices were 

measured using a nanoindenter and the thermal conductivity measurements by the 3 CO method. 

The optical properties of oxides of Al, Y, Zr, and Y203/Zr02 superlattices was investigated using 

spectroscopic ellipsometry. In addition, the thermal stability of the superlattices was investigated. 

Accomplishments/New Findings 

Deposition of polycrystalline Y203/Zr02 superlattices 

Various aspects of process control required to deposit monolithic oxide coatings at high rates 

have been described in previous reports. Simultaneous reactive sputtering from two targets 

presents special challenges for process control, since both deposition rates are sensitively 

dependent upon oxygen partial pressure. The superlattices were deposited in a new opposed 

cathode unbalanced magnetron sputtering system - the details have been described in previous 

reports. Figure 1 shows the hysteresis curves for reactive sputtering of Y and Zr targets. Both 

targets show a pronounced negative-slope region, which is where high deposition rates and fully 

oxidized films are obtained. The Y-02 has a larger negative region. In this region, the Y target is 

making the transition from sputtering in metallic mode to the oxide mode. Since the rates depend 

sensitively on Po2, accurate P02 control is needed to obtain reproducible and uniform superlattice 

layer thicknesses. We typically use partial-pressure control techniques to ensure stable deposition 
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Figure 1: 02 partial pressure vs. 02 flow rate for Y-02 and Zr-02 with a total Ar pressure 
of 4 mTorr and target powers of 3 kW for the Y and 1.5 kW for the Zr. 

rates, and hence well-controlled superlattice layer thicknesses. However, for Y and Zr targets, it 

was found that the mass spectrometer signal was not accurate enough to provide the desired film- 

thickness reproducibility. To handle this problem, the Y target voltage was used to control the 

O2 partial pressure. The voltage decreases rapidly as oxides begin to form on the surface of the 

target, providing a very sensitive control signal for the O2 partial pressure. 

Structural characterization 

X-ray diffraction (XRD) was done using a SCINTAG XDS 2000 PAD diffractometer with 

CuKa radiation, operated at 40 kV and 40 raA. Figure 2 shows an example of the high-angle x- 

ray diffraction pattern obtained from an as- deposited A = 8.6 nm superlattice, along with results 

obtained after annealing. The superlattices show both cubic-(222) and cubic-(440) reflections, 

along with Si substrate peaks and a Y^Si^O? peak due to a film/substrate reaction at the interface. 

In the as-deposited films there is substantial lattice disorder, due to the low deposition 

temperature and ion bombardment, such that the peaks are broadened. After annealing, the 

disorder is decreased substantially, as shown for example for 1100°C in Fig. 2, where the peaks 

have sharpened significantly. Note that at the c-(440) peak, a superlattice Bragg peak along with 

positive and negative satellites are present. 

The observation of only cubic ZrOi peaks is in agreement with TEM data, and is explained as 

follows. Pure Y2O3 exhibits a cubic structure with a lattice parameter of 1.06 nm. Pure ZrCh can 
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Figure 2: X-ray diffraction patterns from as-deposited and annealed Y203/Zr02 

superlattices (period = 8.6 nm). 

exist in monoclinic (stable below ~ 1200°C), tetragonal (1200°C to 2300°C), and cubic 

(>2300°C) structures. Two unit cells of cubic ZrCh, with a lattice parameter of 0.51 nm, match 

well (3.8% mismatch) with one unit cell of Y203. On the other hand, the monoclinic and 

tetragonal structures cannot easily form coherent interfaces with yttria. Previous work has shown 

that non-equilibrium structures crystallize in superlattices, where interfacial areas are large, in 

order to form low-energy interfaces. Pseudomorphic layers have been observed in a few nitride 

superlattices previously, including AIN/TiN and CrN/TiN. In both cases, the TiN layers help 

stabilize cubic forms of the other layer, as opposed to the stable hexagonal structures, and high 

hardness values are achieved. 

Thermal stability 

Our recent results for yttria/zirconia superlattices show that superlattices with nanometer- 

thick layers can possess remarkable stability. Figure 3 shows x-ray reflectivity results for 

different annealing temperatures from a superlattice with A = 8.6 nm. These results when 

compared with simulations indicate only a very slight change in the superlattice structure up to = 

1100°C, and some intermixing and/or layer roughening at 1200°C, the highest temperature 

measured. This result agrees well with the high-angle XRD superlattice reflections (Fig. 2) that 

decrease in intensity at 1200°C. This good stability is somewhat surprising given that the yttria- 

zirconia phase diagram indicates considerable solid solubility, and the possible formation of a 
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Figure 3: X-ray reflectivity results for different annealing temperatures for a Y203/Zr02 

superlattices. 

ternary compound.   Other systems that are fully immiscible, e.g. alumina/zirconia, presently 

under investigation, should be even more stable in superlattice form. 

Mechanical properties 

The mechanical properties of yttria-zirconia superlattices were investigated using a UMIS 

nanoindenter. The nanoindenter loading-unloading curves were qualitatively similar to those for 

pure zirconia and yttria films. Figure 4 shows the hardness vs. period obtained for yttria/zirconia, 

pure yttria, and zirconia. Two series of films were deposited with layer thickness ratios of tY2o.VA 
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Figure 4: Hardness of Y203/Zr02 superlattices as a function of superlattice period. Two 
different layer thickness ratios of fy^cx/A - 0.50 and tY2o^A ~ 0.75 are shown. 



= 0.75 and 0.5. The hardness was 11-12 GPa at large periods, where the hardness typically 

approaches the rule-of-mixtures value. The hardness generally increased with decreasing period, 

reaching 14.5 GPa at the smallest period measured. This represents a hardness enhancement of 

=20% relative to rule of mixtures values. The results in Fig. 4 are in agreement with prior 

superlattice results, which typically show hardness increasing with decreasing period. 

Thermal conductivity 

There is considerable experimental and theoretical evidence of substantial K reductions in 

semiconductor superlattices with nm layer thicknesses. The results are typically explained in terms 

of decreases in the phonon mean free path and/or reduced phonon velocities. The thermal 

conductivity of the YiO^ITxOi superlattices was measured using a 3co technique developed by 

David Cahill at University of Illinois at Urbana-Champaign. Figure 5 shows a 30-40% reduction in 
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Figure 5: Thermal conductivity of Y203/Zr02 superlattices for periods 6 nm and 
48 nm. The thermal conductivity of pure Zr02 and Y203 is also shown. 

K in yttria/zirconia superlattices compared to rule-of-mixtures values. While much more work is 

needed, particularly K measurements at higher temperatures, this result suggests exciting new 

engineering applications. 

Optical Properties 

Oxides of Al, Y, Zr and YiCtyZrC^ superlattices were deposited using a 13.56 MHz 

Advanced Energy rf power supply was used to bias the substrates. The optical properties were 

investigated as a function of the bias. Spectroscopic ellipsometry showed that the index of 



refraction of the films deposited with a substrate bias of 80 V (dc component) were equal to that 

of the bulk materials. The optical constants of Y203/Zr02 superlattices with A < 25 nm were as 

expected by taking a weighted average of Y2O3 and cubic Zr02 suggesting that the Zr02 layers 

were epitaxially stabilized by the Y1O3 layers. For A > 25 nm, the optical constants were equal 

to the weighted average of Y2C>3 and monoclinic Zr02 indicating a structure change as the Zr02 

layer reaches a critical thickness. Work is ongoing to deposit alumina/zirconia coatings and 

optimize the deposition parameters to obtain transparent films. 

Future work 

With the deposition of nanometer-layered yttria/zirconia coatings, we have been able to 

demonstrate that it is possible to deposit nanometer scale oxide multilayers at high deposition 

rates in a well-controlled manner. With our understanding of the effects of process parameters on 

the structure and properties of the reactively sputtered oxide films, we are now in an excellent 

position to study many novel oxide multilayer systems. Work is ongoing to deposit 

alumina/zirconia and alumina/chromia coatings. The superlattice systems to be studied will 

provide enough data to understand the key materials parameters that influence superlattice 

properties. We believe that these experiments will unambiguously answer fundamental questions 

as to the effect of nano-phase composite structure on hardness and thermal conductivity, and 

provide new materials with interesting new properties. 
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