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1. Introduction

Thin-film PbZrxTixO3 (lead zirconate titanate [PZT]) is an important material in
piezoelectric microelectromechanical systems (piezoMEMS) for RF devices,'
ink-jet printer heads,? microrobotics,® energy harvesters,* and other applications.
PZT films can be grown by numerous methods; of these, chemical solution
deposition and sputtering both allow large-area thick films to be prepared. The
sputtering process offers high throughput in manufacturing environments, but both
the target stoichiometry and process conditions must be carefully controlled to
achieve reproducible PZT phase purity, texture, and density.

As the piezoelectric properties are a strong function of film orientation,” multiple
methods have been utilized to control the nucleation of the perovskite phase.’” One
approach to achieving {100} -oriented perovskite growth is seeding the PZT with a
titanium dioxide (TiO) film.® A reproducible process was obtained by sputtering
PZT onto the TiO; seed layer without removing the TiO»-coated wafer from the
evacuated Evatec Clusterline deposition system where the processes were
performed, as shown in Fig. 1. This implies that all steps must be completed serially
with the same deposition tool, precluding ex-situ characterization of the individual
stack layers and limiting process control of the individual layers. Earlier work has
demonstrated that the PZT {001} peaks are enhanced by over a factor of 10 when
the titanium (T1)-seed anneal is completed in the lead oxide (PbO)-rich environment
of the Evatec Clusterline PZT chamber employing a hot chuck instead of annealing
in a Tystar tube furnace.’

(A3) = Optional Anneal 700 °C
(A2) = Optional Anneal 500 °C
(A1) = Optional Anneal 700 °C or 750 °C

8. 700 °C: PZT Volume 500 nm PZT

7. 700 °C: 65 nm PZT Nucleation (Nuc) I )
6. 40°C 3.4 nm Ti; 700 °C = 0-5 nmTiO; Seed .......aonimanrnnnrannnrneddA3).....
5. a. No break/no anneal, b. break/500 °C a No vacuum break b. Vacuum bgﬁ?

4. 500 °C Pt bottom electrode 100 n;n Pt

——————————————————— A1l
3. 30nm TiO, a. no break/700 °C, b. break/750 °C ; no vacuum break, b. Vacuum g,egk_

2. 20nm Ti deposition.
1. > Sample loaded into deposition system.
500 nm SiO,

Ti Os-anneal in PZT chamber for steps Si (100)
3a & 6 in a lead oxide environment.

Fig.1  Process steps for sputtered Ti (converted to TiO2), platinum (Pt), and PZT



While the reported process enables reproducible films, it is not clear whether
natural process interruption points, before and after bottom electrode deposition,
could be introduced without detrimentally affecting the sputtered PZT film quality.
Of particular interest is whether or not it is critical to retain a clean surface on the
{111}-textured Pt bottom electrode that has not been exposed to a clean room
atmosphere. In the PZT stack in-vacuum process, individual layer surface exposure
to air was avoided for the bottom Pt electrode, Ti-seed, PZT nucleation, and PZT
layers. Therefore, an investigation of the effects of vacuum breaks at various
process points is needed to understand whether and how vacuum breaks impact
PZT stack properties. Because earlier XRD studies of in vacuo processed PZT
stacks revealed a strong effect of the Ti-seed-on-perovskite phase formation and
orientation,’ it was of interest to characterize the phase and orientation dependence
on process flows that involved sample exposure to air at some process steps (in
particular, after Pt deposition). Assessment of air exposure and other factors
influencing the PZT process reproducibility for {100}-textured perovskite PZT is
expected to reveal how to achieve higher electromechanical performance in
piezoMEMS device applications.

PZT films were produced by sputtering a Ti-seed layer, a PZT nucleation layer, and
the volume layer (majority thickness or body) of the PZT film. The PZT nucleation
and volume layers were sputtered using the same target, but different process
conditions were employed. Various vacuum breaks and anneals at convenient
interruption points in the process allowed the films to be analyzed by X-ray
diffraction (XRD) and scanning electron microscopy (SEM). The XRD peaks were
fit using a Pearson VII function to allow for quantification of peak intensities,
positions, and widths, which enabled correlation to the process conditions. The
position and intensity of high-intensity peaks with a high signal-to-noise ratio could
be quantified by direct fitting of the collected data. However, low-intensity peaks
were smoothed with a Savitsky—Golay filter prior to fitting. Non-perovskite,
PZT-related peaks and their relationship to synthesis and PZT quality are discussed.
Polarization, capacitance, and leakage measurements were performed to assess
PZT film quality. The impact of vacuum breaks on film quality is also assessed.

2. Experimental

An Evatec (Oerlikon) Clusterline 200 multichamber sputtering system with Ti, Pt,
and PZT targets was used for thin-film deposition. The deposition process of the Ti
and Pt bottom electrode layers is based on that described by Fox et al.!® Referring
to Fig. 1, a commercial wafer with 500 nm of silicon dioxide (SiO2) on [100]-
oriented silicon (Si) was loaded into the deposition system. Then, 20 nm of
hexagonal, {0001 }-textured Ti was sputtered onto the SiO> using a cathode power



of 0.5 kW, substrate temperature of 40 °C, argon (Ar) flow rate of 30 sccm, and
deposition time of 35 s. To convert the Ti to 32 nm of {100}-textured rutile TiO»,
two anneal methods were used. The first in vacuo method retained the wafer under
deposition chamber vacuum, while the second ex-situ method allowed the removal
of the wafer to cleanroom and subsequent anneal furnace atmosphere conditions.
All of the temperatures reported for processes in the vacuum system are nominal
temperatures, measured for the chuck by a local temperature probe. In the ex-situ
method, wafers were removed from the vacuum system and furnace annealed at
750°C, oxygen (O2) at 3 SLM for 30 min.

In the in vacuo method, selected wafers remained in the Clusterline tool (no vacuum
break) and the O; anneal was performed in the PZT chamber at a nominal substrate
temperature of 700 °C, with a flow of 10 sccm of O, for 250 s. After wafer transfer
under vacuum to the Pt chamber, 100 nm of {111 }-textured Pt was sputtered onto
the TiO» at a cathode power of 0.5 kW, substrate temperature of 500 °C, and Ar gas
flow rate of 50 sccm for a deposition time of 67 s. For the ex-situ process, the wafers
were exposed to a cleanroom atmosphere; when reintroduced to the Clusterline 200,
an optional anneal of the Pt surface was performed under a vacuum of
approximately 10~ mbar at 500 °C in the Pt chamber. Next, an optional Ti-seed
layer was deposited at a cathode power of 0.5 kW, substrate temperature of 40 °C,
and Ar gas flow of 30 sccm for a deposition time of 3 s. An optional oxygen anneal
was performed (in the PZT chamber) on selected samples held at 700 °C, in
10 sccm of flowing Oz for 250 s to obtain a 3- to 5-nm-thick TiO> layer. Next, an
approximately 50-nm-thick sputtered PZT nucleation layer was deposited from a
Pb1.27r0.52Ti0.4803 (PZT) target using an RF (13.6 MHz) cathode power of 2 kW,
substrate temperature of 700 °C, and sputter time of 60 s. Sputtering commenced
after a 60-s pump down to approximately 10~ mbar, Ar flow at 80 sccm for 60 s to
stabilize pressure, and a plasma strike at 0.5 kW cathode power. After deposition
of the PZT nucleation layer, the plasma was extinguished and using the same
conditions as described previously, a second pump down, gas flow stabilization,
and plasma strike were employed to initiate the deposition of a 450-nm PZT
(volume) film. The PZT volume film was sputtered from the PZT target using a
2-kW cathode power, 700 °C substrate temperature, and 5-s time intervals
alternating between gas flows of 1) 56 sccm of Ar and 2) a mixture of 54 sccm of
Ar and 4 sccm of O cycled successively 67 times for a total deposition time of
670 s. Finally, a set of depositions was performed to obtain nucleation-only, PZT
volume-only, and PZT-on-nucleation films, all deposited on the Pt/TiO> using a
fully in vacuo process (i.e., no vacuum break at the Pt deposition step). All PZT
depositions used the Evatec matching-capacitor parameters of 500 steps for C series
and 900 steps for C shunt and a RF bias DC voltage of 70 V. PZT thickness was
obtained using a JA Woollam ellipsometer.



Sample preparation description and sequence of events are further detailed in
Table 1. The name for each sample ID and starting substrate are stated in the table.
All samples received the same standard Ti deposition (Ti-1 Dep) as noted. Anneal
1 indicates whether the Ti-1 anneal was performed in the PZT chamber or the
samples removed from the sputtering chamber (Vacuum Break) to anneal the Ti in
the tube furnace. All samples received the same standard Pt sputter deposition
(Pt-1 Dep). Vacuum breaks were made before and after the platinum deposition
(Pt-1 dep) for Samples 20, 21, 19, and 18. PtB in their sample names refers to these
vacuum breaks near the Pt deposition. An anneal (Anneal 2) in the Pt chamber is
indicated for Samples 20 and 21. The next four columns indicate whether a Ti-seed
deposition (Ti-2 Dep), Ti-seed anneal (Anneal 3), nucleation layer (N), and PZT
volume (V) film (nonzero thicknesses) were deposited. Finally, the last column
indicates that all samples with volume PZT were then capped with 100-nm sputter-
deposited Pt (Pt-2 Dep) using the same sputtering procedures as for the bottom
electrode. At this point, the XRD measurements were performed. After that, the
wafers were processed to obtain arrays of electrical capacitors of area 1.0 x 1073
cm? (diameter = 357 um). Evaporated gold (Au)/Pt/chromium (Cr) layers with
thicknesses of 730/20/20 nm were then deposited on top of the Pt top electrodes for
probe contact. At this point, the polarization (PE), capacitance (CV), and leakage
(IV) measurements were performed to obtain figures of merit for characterizing the
PZT device performance: polarization at a maximum voltage (Pmax), dielectric
constant (€), loss tangent (tan J), and leakage currents (I(+) and I(-)), respectively.
All measurements made using applied positive voltage to the top electrode and
ground to the bottom electrode.



Table 1 Process information for sputtering of samples processed
(X=Yes) Name Substrate Standard Titanium Vacuum Platinum Vacuum Platinum Tl-(Z()eed Ti-Seed Nucleation V(l:ll ;1;7) Platinum
Sample ID Ti-1 Dep Anneall Break Pt-1Dep Break Anneal2 . Anneal 3 MN) ) Pt-2 Dep
Ti-2 Dep t (A)
. PZT
1-12084 A% SiO; X Standard 4082.6  Standard
chamber
. PZT
6-12181 N SiO; X Standard X (~300 A) 0
chamber
. PZT
15-11831 V/N Si10; X Standard X 11172  Standard
chamber
. PZT
5-12175 V/S SiO; X Standard X 5047.5 Standard
chamber
212174 VIS(A) Si0; X PZT Standard X PZT 4556.6 Standard
chamber chamber
412172 V/N/S Si0; X PZT Standard X X 4816  Standard
chamber
312077 VIN/S(A) Si0; X PZT Standard X PZT X 4843 Standard
chamber chamber
V/N/S(A)/ . Tube Pt PZT
20-12367 P{B(A) S10; X Furnace X Standard X chamber X chamber X 47729 Standard
. Tube Pt
21-12195 V/N/S/PtB(A) Si0; X X Standard X X 4734  Standard
furnace chamber
19-11865  V/N/S/PtB Si0, X e X Standard X X X 4805.6 Standard
furnace
18-11873 V/N/S(A)PB  SiO; X Hio X  Standard X X PZT X 48675 Standard
furnace chamber




2.1 X-Ray Diffraction and Analysis

The XRD scans were performed on a PANalytical 4-Circle XPert3 diffractometer
with Cu Ka source and monochromator over a range of 10° <260 <90°. Jade 7 peak
fitting software was employed with Pearson VII fits to individual peaks. Peaks were
fitted to Cu Ko only. For low intensity peaks, a Savitsky—Golay filter was applied
for an 11-20 point spread over the peak range of interest. Where adjacent peaks
overlapped, a mathematical modeling was performed to deconvolute them. The
resulting peak statistics were used to identify the orientations of the individual
phases.

2.2 Scanning Electron Microscopy

To analyze surface structure, a Zeiss Auriga 60 Field Emission-SEM (FE-SEM)
was used to collect SEM images of a single nucleation layer and of a single PZT
volume layer, both deposited on {111}-textured Pt. Images were also obtained for
the nucleation layer and the volume-PZT layer on Ti-seed/{111}-Pt for both the
post-annealed Ti and as-deposited Ti-seed cases. The images were captured with
magnifications of 15 to 35 kX, electron gun accelerating voltage of 2 kV, extraction
voltage of 3.83 kV, filament current of 2.239 A, cathode-to-sample working
distance of 3.5 + 0.5 nm, aperture size of 30 um, N = 10-25 line averages, and
0.2/0.8 for the ratio of SE2 (far)/In-Lens (near) secondary electron (SE) detection
rates in the SEM’s annular In-Lens SE detector system.

2.3 Wafer Processing and Capacitance, Polarization and
Leakage Measurements

All of the electrical measurements were made in the voltage range of
—10 V<V <10 V. The PZT thicknesses obtained (Table 1, PZT Vol. column) were
used to compute the electric field (E-field) that a sample was subjected to during
the electrical measurements. Capacitance and loss tangent as a function of voltage
were obtained using an Agilent 4192A 5 Hz—13 MHz LF impedance analyzer.
Polarization versus voltage measurements were performed on a Radiant
Technologies Inc. Precision Premier II, precision materials analyzer. Four
polarization versus voltage/E-field (PE) curves were generated. A bipolar positive
PE curve was generated for 0 to 10 to—10 to 0 V. A unipolar positive PE curve was
generated for 0 to 10 to 0 V. A bipolar negative PE curve was generated for
0 to—10to 10 to 0 V. Finally, a unipolar negative PE curve was generated for 0 to
—10 to 0 V. The leakage current was measured using a Keithley 2400 source meter.
First, the current was measured for 0 to 10 V, then V was set to zero, and then the
current was measured for 0 to —10 V.



3. Discussion

3.1 X-ray Diffraction Analysis

Sample characterization and analyses are summarized in Table 2. The table shows
identified perovskite PZT peaks from the PbZro 52Ti0.4803 International Centre on
Diffraction Data (ICDD) #33-0784 data card;!' the quantity of unidentified (Ui)
peaks of other phase(s) present; the range of breakdown voltages (V-breakdown)
observed for measurements on about five test structures around the wafer; the
average of the breakdown voltages measured; the dielectric constant (Epsilon) and
loss tangent (tan delta) for DC V=E =0 and V = £10 V (~£200 kV/cm); the
maximum I(+) and minimum I(-) leakage current at maximum and minimum
voltage, 10 and —10 V, respectively, or at breakdown; and the maximum
polarization (Pmax) at maximum voltage of 10 V (~200 kV/cm).

For reference, all of the plots from which the XRD peaks were obtained are in
Appendix A. The Pt 111 and Si 400 are darkened over in the figures because they
are not relevant, but the Pt 222 peak was observed for reference and therefore
included in the indexing analysis. Referring to the XRD columns in Table 2, the
desired perovskite 001 PZT peaks are observed for all of the samples for which
PZT was sputtered (all samples except Sample 6, which is excluded because, for
that case, only the nucleation layer was deposited on the Pt). Additional perovskite
PZT orientations are of much lower intensity. There are many additional peaks that
are unidentified that occur for Samples 1, 6, and 15 (5-6 unidentified peaks), and
some of these are notably strong (U4 and U7). The nucleation layer alone (Sample
6) has four unidentified peaks but no perovskite PZT peaks. These three samples
did not have a Ti-seed layer. A small unidentified peak named U4 occurs near
2Theta = 30° for Samples 3, 20, 21, and 18, all of which have an annealed Ti seed
layer.

3.2 SEM Image Analysis

SEM analyses of the V, N, N/S, N/S(A), V/N/S, and V/N/S(A) samples were
explored. For the V sample 1-12084 (Fig. 2), large circular features (700—800 nm
diameter in size) were observed in the plan view. These large features were
generally isolated and distributed within a smaller grain (100-200 nm diameter)
matrix. Bright isolated grains about 100-nm in diameter appeared on a dark matrix
of similarly sized grains for the N sample 6-12181 (Fig. 3). The various grain types
of the observed bimodal microstructures may correspond to the unidentified phases
and the perovskite phase determined by XRD for these samples. Higher resolution
crystallographic analysis methods such as combined electron diffraction and



transmission electron microscopy (TEM) analyses could prove useful in developing
a better understanding, particularly if the material in these regions is oriented. For
Figs. 4a and b compare samples N/S and N/S(A), respectively, analyzed by SEM
only and not included in Tables 1 and 2, but prepared in vacuo. These show a clear
difference in the prominence of the grain boundaries for the annealed N/S(A)
sample. The difference in microstructure could be related to a difference in phase
formation in the two samples. Figs. 5a and b compare samples V/N/S and
V/N/S(A), respectively, revealing similar bimodal microstructures with light
faceted grains in a matrix of darker equiaxed grains. The N/S(A) structure exhibits
a larger grain size for both grain types and an increase in void size distributed along
the grain boundaries. It is possible that the different (faceted vs. equiaxed) grains
correlate to different phases or grain orientations, but TEM would be required to
make this determination.



Table 2

XRD and electrical analyses

V-
. Quantity of V- € tan 0 Leakage
Sa;rll)ple Name Ideng(i;l:lilsPZT unidentified Breakdown BrAejez(r(;()gv:n E E o E= +200 ;“?160 E =+200 Iiii;(aie 1(-), (MPCI;I:;Z)
peaks Range (V) V) - kV/em kV/em ’ A
5
1-12084 {001}, 2227 No 6 01025 13 58.6 57 0005 0005 200n  (-6u) 2
111 present.
6-12181 Weie 4
{0011, 101/110,
15-11831 VN Ao 5 4210 58 47 136 135 001 001  40p (-500p) 1
{001, 101/110, )
5-12175 VIS S 0 221028 25 1250 480 002 0008 100p (<300p) 35
{0011, 101/110, .
212174 VIS(A) Ao 0 71022 18 1017 448 0018 0009 100p (-500p) 35
4-12172 VNS {001}, 101/110 0 12 t0 24 17 1185 490 002 0014 (]23%1) —lon) 35
3-12077  V/N/S(A) {003}2’2}(2)21(/)1 10 T wa 01033 17 1009 480 0018 001 In(BD) (-600p) 32
20-12367 V/N/S(A)/ PtB(A) {001}, 101/110 1 (U4) 17 t0 24 21 1000 460 0018 0009 270p (-500p) 31
21-12195  V/N/SPB(A) (00 %)}2’2}321(/)1 10, sy 0tw24 26 1007 474 0017 0009 1In(BD) (-570p) 32
{0011, 101/110, }
1911865 VANSPB )1 0 o 18 t0 32 24 1100 460 0019 0008  8n  (-60n) 34
18-11873  VAN/S(AYPB (001} 10110,y gy 4000 16 940 460 0018 0011  350p (-460p) 34

{111}, 022/220
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Fig.2  SEM of 1-12084 volume-only PZT layer on Pt 111 at 15kx magnification

Fig.3  SEM of 6-12181 nucleation-only layer on Pt 111 at 15kx magnification
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Fig. 5 SEM of volume-PZT/nucleation bilayer on a) as-deposited and b) annealed Ti seed, Samples 4-12172 and 3-12077, respectively, at
35kx magnification



3.3 Electrical Capacitance, Polarization, and Leakage Current
Analyses

For reference, all of the electrical-data plots from which the relevant electrical
property values shown in Table 2 were obtained are shown in Appendix B.
Referring to Table 2, the highest Pmax occurred for Samples 5, 2, 4, and 19, though
Sample 4 appeared to break down during the I(+) leakage measurement. None of
these samples has a U4 peak in their XRD. The samples with the U4 XRD peak
have slightly lower Pmax than Samples 5, 2, 4, and 19. Dielectric constants for
samples with the U4 XRD peak are on the low end of the range spanned by those
of the previously discussed set of Samples 5, 2, 4, and 19. There does not appear to
be any detectable impact of Pt anneal (Anneal 2) on the electrical behavior.

The samples can be divided into three groups. The first group that consisting of a
high number and intensity of Ui peaks, Samples 1 and 15, exhibits low dielectric
constant, remanent polarization and Pmax. The reduced properties are consistent
with the films consisting primarily of a non-ferroelectric phase(s) such as
pyrochlore and PbO. The second group of Samples, 5, 2, 4, and 19, exhibit no Ui
peaks and provide the highest dielectric constant, remanent polarization and Pmax.
The third group of samples, Samples 3, 20, 21, and 18, consist primarily of
perovskite PZT, but contain a small fraction of Ui peaks. The mixed-phase samples
exhibit ferroelectric behavior, but has a reduced (approximately 10%) dielectric
constant, remanent polarization, and Pmax in comparison with the pure perovskite
group 2 samples. It is observed that the samples that received the Ti-seed anneal
are mostly in group 3, whereas the samples that were not annealed are mostly in
group 2. It can be concluded that the Ti-seed anneal is detrimental to the measured
electrical properties, but it is a relatively small effect for the properties measured.
A broader study on including cross-wafer and wafer-to-wafer reproducibility of
properties is warranted.

Comparing leakage measurements for Samples 20, 21, 19, and 18 (see
Appendix B), there may be some advantage to the Ti anneal in reducing leakage
effects. A larger data set with more measurements across the wafer could help
reveal whether there is a statistically valid difference between the two cases. Our
research group is interested in the statistics of a broader study of cross-wafer and
wafer-to-wafer variation in the electrical measurements and resulting property
values. The aim is to seek a path for process improvements that can translate into
enhanced electrical performance. We are now in the process of developing
autoprobe measurements for testing all available test structures on each wafer,
which would maximize sample size for collecting the most complete and reliable
data sets.
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Two possibilities are considered for the extraneous phases that may be the origin
of Ui peaks. The first and most likely is that they are due to pyrochlore. In this case,
the unidentified material would not be a ferroelectric phase. Although PTO
pyrochlore is well understood and indexed in the ICDD database, PZT pyrochlore
is not, though there are studies of it in the literature.!> A second possibility is that
the secondary phase is a highly strained 110 perovskite phase. Reciprocal space
maps, which provide the most complete amount of information and are necessary
for the analysis of strained films, would be the next logical experimental
measurements to perform to prove whether the phase is pyrochlore or perovskite.

4. Conclusion

PZT has been sputter deposited under various conditions and characterized by
ellipsometry, XRD, SEM, and ferroelectric and piezoelectric measurements. It was
determined that the use of a Ti-seed layer is critical to the sputtered growth of the
ferroelectric perovskite PZT. Anneal of the Ti seed layer appears to introduce a
phase associated with at least one non-perovskite XRD peak near 2Theta = 30°
(referred to as U4 in this study). The data clearly show that the secondary phase
formation composes a majority of the film and dominates the electrical properties
when the Ti-seed layer is omitted. The use of an annealed Pt surface after a vacuum
break did not have a significant impact on PZT phase growth or properties. The
wafer-to-wafer phase and property variability appears to be greater than any PtB
anneal effect. Further studies of large data sets with autoprobe measurements are in
the process of being explored to help inform device performance improvements,
repeatability, and reliability.
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Appendix B. Electrical-Measurement Figures
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List of Symbols, Abbreviations, and Acronyms

Ar
Au

Cr
CVv

E-field
FE-SEM
I(+)

I(-)
ICDD
ID

N/S

PbO

PE
piezoMEMS
Pmax

Pt

Pt(A)

PtB

PZT

(real) dielectric constant
argon

gold

capacitance

chromium

capacitance

E-field derived from the applied voltage divided by the PZT

film thickness
electric field

field emission-scanning electron microscope

leakage current for applied voltage 0 <V <10V
leakage current for applied voltage 0 <V <10V

International Centre on Diffraction Data
identification

nucleation sputtered thin film layer
nucleation layer deposited on the Ti seed
oxygen

polarization

lead oxide

polarization versus E-field

piezoelectric microelectromechanical system
maximum polarization

platinum

annealed platinum

Pt with vacuum breaks

lead zirconate titanate
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RF

S(A)
SE
SEM
Si
SiO
tan 0
TEM
Ti
TiO2
Ui

V/N
V/N/S

V/S
Ul, U2

XRD

radio frequency

Ti seed sputtered thin film layer
annealed Ti seed

secondary electron

scanning electron microscope

silicon

silicon dioxide

loss tangent

transmission electron microscope
titanium

titanium dioxide

collectively the unidentified X-ray peaks
PZT volume sputtered thin-film layer
PZT volume deposited on the nucleation layer

PZT volume film (the main portion of the final thin film)
deposited on the nucleation layer deposited on the Ti seed
layer

PZT volume deposited on the Ti seed layer

the individual unidentified X-ray peaks indexed in the X-ray
diffraction scans

X-ray diffraction
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Glossary

Ex-situ method samples removed from vacuum to perform another task or
tasks, such as a furnace anneal outside of the sputtering
equipment

In vacuo method a method of processing without a vacuum break

For PZT pyrochlore, no ICDD standard reference exists and published reports are
not standardized yet (see, for example, Kwok and Desu'?) and is not considered
here.
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