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CHH?l
We report the stability of TIB~CaC~OT (T1-1212) and T12B~CaCuq08 (T1-2212) thin ftis

and by inference, the stability of T113~C~Cu~09 (T1-1223) and T12B~C~Cuq010 (TI-2223) thin

fdms, under a variety of conditions. In general, we observe that the stabiMy behavior of the single

T1-Olayer materials (TI-1212 and T1-1223)are similar and the double T1-Olayer materials (T1-2212

and TI-2223) are similar. All fti are stable with repeated thermal cycling to cryogenic

temperatures. Films are also stable in acetone and methanol. Moisture degrades fti quality

rapidly, especially in the form of vapor. T1-1212 is more sensitive to vapor than T1-2212. These

materials are stable to high temperatures in either Nz, similar to vacuum for the cuprates, and 02

ambients. While total degradation of properties (superconducting and structural) occur at the same

temperatures for all phases, 600 “C in Nz and 700 “C in Oz, the onset of degradation occurs at

somewhat lower temperatures for T1-1212 than for T1-2212 ftis. b all cases, sample degradation

is associated with T1depletion from the fti.
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I. INTRODUCTION

Thin fdm high-temperature superconducting (HTS) cuprate quality has improved dramatically

in recent years. Epitaxial films grown on perovskite-type single-crystal oxides such as LaAIO~and

SrTiOq are highly phase-pure, c-axis oriented, and have relatively smooth morphologies. Critical

current densities are commonly measured by electrical transport to be JC2107 A/cm2 at 5 K and Jc

2106 A/cm2 at 77 K for fdms in the Y-Ba-Ca-Cu-O [1,2], T1-Ba-Ca-Cu-O [3- 13], and Hg-Ba-Ca-

CU-OHTS material systerns.[14-16] The best JC’Sfor Bi-Sr-Ca-Cu-O fti tend to be somewhat

lower.[17] The advances in thin fti properties are enabling better scientilc and more reliable

applications studies. An issue that has not been studied extensively is the stability of these

improved HTS fii in various ambients, and in particular, the TI-HTS materials.

Structural properties (morphology, crystallographic orientation, and epitaxy) are critical to the

resistance of the cuprates to oxygen Ioss and chemical attack at grain boundaries. This is evident

from reports on the adverse effects of moisture to YB~CuqOT thin fti properties such as critical

temperature (T,), JC,and phase purity.[1 8-33] The superconducting properties of these films were

often observed to degrade in ambient conditions simply by being stored in the laboratory. These

reports led to a variety of experiments on methods to protect the fti from the degradative effects

of moisture. One solution involves the low-temperature deposition of amorphous diamondlike

carbon (DLC) films to hermetically seal the I-ITS film surface.[28, 30, 32] An advantage of this

approach is that these DLC protective coatings are readily removed by heating the fti in an

oxygen environment to temperatures near 500 ‘C. This treatment is ideal for the full oxidation of

most HTS materials. Furthermore, the resistance of DLC to most chemicals used for lithographic

processing allowed these coatings to also be conveniently used as etch stops.

There has been some work studying the stability of Hg-1212 and Hg-1223 thin resulting

from immersion in water [34, 35] and in air, acetone, alcohoI and thermal cycling. [35] Immersion

in all of the liquids above resulted in severe degradation within hours-to-minutes. Severe film
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degradation occurred within minutes upon exposure to humid air. Negligible reaction occurred in

dry air for a period of over one year. In contrast, there appears to be only one paper studying the

degradation of a T1-HTS thin film. They found that the superconducting transition temperature, TC,

and the x-ray diffraction pattern for aT1-2212 fti was stable following immersion in water for

173 days before experiencing degradation.[36]

This paper studies the stability of T1-Ba-Ca-Cu-O (T1-HTS) thin fti at ambient conditions,

in the presence of moisture, and at elevated temperatures in two different ambients important for

device processing: Oz and N2. The use of the T1-HTS system is convenient since all of the known

superconducting cuprate crystal structures are available. For this study, we report in detail the

evolution in properties of TIB~CaCuzOy (T1-1212) and T12B~CaC~08 (T1-2212) thin fdms and

by inference, the stability of TIB~C~CuqOg (T1-1223) and TlzB~C~Cu~OIO (T1-2223) thin films.

In general, we observe that the stability behavior of the single TI-O layer materials (’II-1212 and TI-

1223) are similar and the double T1-Olayer materials (T1-2212and T1-2223) are similar.

II. EXPERIMENT

The TI-HTS fb for this study were grown using two-step methods reported in detail

elsewhere.[11, 13] Briefly, amorphous Ba-Ca-Cu-O precursor fti were deposited by off-axis rf

sputtering onto both LaAIO~(100) and Si(100) substrates. Rutherford backscattering spectrometry

(RBS) using 2.0 MeV ‘He4 ions was used to precisely measure BaCaCu cation precursor film

stoichiometries on the Si substrates. Only precursors within * 270 of the desired 0212 or 0223

stoichiometries were used. The second step involved a high-temperature thallination anneal to

convert the precursor fdms into epitaxial superconductors. T1-1212, T1-1223, and Tl-2223 films -

2000 ~ thick were annealed on LaAIO~(100)substrates by a simplii3ed “crucible” process.[1 1] Tl-

2212 fdrns -5500 ~ thick were grown by the recently reported “hybrid two-zone furnace/crucible”

process.[13] TI-1212 fti were thallinated at 825 ‘C in 630 Torr 02. TI-1223 and T1-2223 fb

were thallinated at 895-900 “C in 630 Torr 02. TI-2212 fti were thallinated at 800 “C in air.

3

,.- --- -- ..... —-, —
., --- -,.’”. .....-’ ,-- ~-

,,, . . .7 .-.,.,-.7 - —-=’=. ...-.



Stability of T1-Ba-Ca-Cu-O Superconducting i%in Films

The annealing times were typically 30 minutes. Following the thallination annealing processes for

conversion into superconductors, fihns were characterized by several methods. Material phase

purity and c-axis orientation were determined using x-ray diffraction (XlID) 6-20 scans from CU

K. radiation. Scanning electron microscopy (SEM) is used to determine fti morphology.

Optical microscopy was used to identify degraded film regions. A commercial SQUID

magnetometer was used to measure the Meissner transition in a magnetic field of 0.2 mT and to

determine the critical current density (J3 at 7 K in a low field applied perpendicular to the plane of

the film.[37]

FiIms were carefully selected based upon structural and superconducting measurements for

use in this study. Such selection is important to provide confidence in the stability determinations.

The goal is to minimize the effects of seconday material phases and large-angle grain boundaries

so that the measurements performed areas intrinsic as possible to a given TI-HTS crystal structure.

Fig. 1 shows the typical Xl?D patterns obtained from each type of T1-HTS film. Note that each Tl-

HTS material used is single-phased and highly c-axis oriented. The onset Meissner transition

temperatures are - 95, 103, 108, and 115 K for these T1-1212, T1-2212, T1-1223, and T1-2223

films, respectively. JC(7K) is - 1 (t 20 %) x 107 A/cm* for all fti used. SEM shows the

underlying morphology of these films to be relatively smooth. Off-composition precipitates occur

on the surface. This is shown in fig. 2 for T1-1212 and T1-1223 fdms. We note that the

morphology of T1-2212 fti is similar to those of TI-1212 films, and the morphology of T1-2223

fihns is similar to that of TI-1223 fti.

A motivation for this experiment was our general observation of TI-HTS film properties over

time while stored in the laboratory without any precautions. We found that both II-1212 and Tl-

1223 films degrade over a period of several months to a year. No such degradation was observed

from the double T1-O layer films, T1-2212 and T1-2223. The degradation in the single T1-O layer

films was observed in severaI different ways. Most obvious was the change in coloration of the
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films, which became optically transparent with degradation. XRD found a severe loss in the

intensity of the c-axis peaks seen in fig. 1. The onset of the Meissner transition is depressed by

tens of degrees and greatly broadened such that a fidl transition is not observed for ftis beyond a

certain level of degradation. JC(7K) values fall over three orders of magnitude into the noise level

of the SQUID magnetometer.

In an effort to elucidate upon the nature of this sample degradation at ambient laboratory

conditions (atmospheric room temperature), we performed a variety of stability studies on T1-1212

and T1-2212 fdms. These two phases were chosen for more detailed study since they are easier to

produce in high-quality, and together, they appear to be representative of the chemistry of single

and double T1-O layer materials, respectively. Simple room-temperature tests include immersion

into distilled, deionized (IX) water, methanoI, and acetone, as well as passing oxygen containing

water vapor- at a low fIow rate over the fti surfaces. To further study the stability of these ftis

under a variety of possible device processing conditions, fti were treated to increasingly higher

temperatures in oxygen and nitrogen ambients. To ehate sample-to-sample variations, a given

sample is used throughout an entire experiment until its degradation is complete. These

experiments were repeated on several sampIes and the resuIts presented are representative. Great

care is taken whi.Iehandling the samples between the various processing and measurement steps of

the experiments so as not to accidentally scratch the films. Such mechanical damage results in

discontinuous behavior in the critical current measurements made as a function of processing

temperature or time. Scratches also appear to be ideal places on a sample for degradation to

nucleate. Following the completion of a multiple-step processing experiment, fresh thin film

samples were processed at particular conditions to ascertain the reproducibility of the stability

results. For temperature experiments in nitrogen, TI-1212 fti were occasionally annealed in

oxygen at 400 “C to detemine whether or not the effects observed result from oxygen loss or

structural degradation. All T1-2212 nitrogen anneals were followed with an oxygen anneal.

5

,= .—— ---

., --- .-,
T--=--.. ,’.”

—-—
,. 1 ---,—



, M.LUtLLLy q I L-w-La-w-w Mperconauctlng 1hu’zIWrns

Another mechanism for mechanical darnage to occur is from differences in thermal expansion I

between a T1-HTS film and its LaAIO~(100) single crystal substrate. Microcracking due to thermal

cycling between room temperature and the 7 K temperature of our JC measurements would

deftitely reduce JCand potentifly cause misinterpretation of the results. To test this possibility,

we cycled both T1-1212 (16 times) and T1-2212 (18 times) between these two temperatures and

found no changes in the magnetization measurement of critical current density from either sample.

III. RESULTS and DISCUSSION

A. Room-temperature stability

T1-HTS fti are stable when stored in dry arnbients in the laboratory for long periods of

time (greater than one year). We have tested storage in both a flowing oxygen box containing

drierite and in an argon glove box without finding any dii%erencesin measured fti properties (TC,

JC(7K), surface appearance, and XRD pattern and intensi~). The degradation of T1-1212 ftis

discussed above in an unprotected ambient in the laboratory does not occur immediately, but rather

is the result of a nucleation reaction similar to corrosion. The onset times of these processes seem

to be on the order of weeks to months depending upon the atmospheric temperature and humidity

conditions. Once degradation of a T1-1212 fti is observed, normalIy by slight discoloration of

the film, which corresponds to a slight decrease in JC(7K) without an obvious change in XRD

intensity, the decline in properties occurs very rapidly over the next few days. The films become

more transparent, the XRD pattern weakens, and JC(7K) becomes negligible. These results are not

reversible with an oxygen anneal; i.e. there is a permanent loss in the superconducting cuprate

crystal structure that cannot be recovered while maintaining the smooth morphology required for

any scientific or device application.

A previous study by Yan and coworkers found that the TCof T1-2212 fti are stable up to

173 days when immersed in DI water.[36] TCwas determined by depositing metal contacts onto

the fihns and performing resistance versus temperature transport measurements. Unfortunately,
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critical current density measurements were not meaningful in their experiment due to their observed

corrosion of the metal contact pads in the DI water. The quality of the HTS-metal contacts are

critical for reliable JCmeasurements. By performing our contact.less measurements with a SQUID

magnetometer, we can observe small changes in JCthat me very sensitive to minute structural

alterations of the samples. Immersion of both T1-1212 and T1-2212 fti for only 30 minutes in

DI water results in decreases of JC (7K) of 10 – 15 %. No such degradation of either

superconducting phase is observed following 30 minute immersion in either methanol or acetone.

The relevance of these simple chemical immersion experiments are obvious for any form of sample

processing for a variety of purposes, such as the chemical-mechanical polishing of films for

transmission electron microscopy (TEM) sample preparation, or the chemical cleaning and etching

performed on films for device processing.

Indeed, we had often experienced sample degradation while preparing TEM samples using

DI water as a lubricating coolant. The severity of this degradation was often far worse (total loss

of the ability to image any crystalline regions) than the immersion experiments would suggest. The

polishing process used also generates localized water vapor. We tested the stability of TJ-ms

fdrns under conditions of a mild flow of wet oxygen. Samples were placed in a qum tube.

Oxygen bubbled through DI water was passed through the tube. T1-1212 fti became completely

transparent in less than 5 minutes. This visual change was accompanied by a complete loss of the

XRD pattern, shown on a log scale in fig. 3, and any measurement of superconductivity. Note

that XRD does not detect the presence of any new material phase formation, simply a several

orders of magnitude decrease in the signal intensity of the T1-1212 diffraction peaks. The

insensitivity to the formation of new phases only suggests that the grain sizes of such new phases

are very small, and perhaps unaligned.

The nucleation and spread of this corrosion-type degradation was much slower, although still

measurable in T1-2212 films. Figure 4 shows the evolution of the spread of such corrosion on a
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T1-2212 film after 2 and 4 hours of flowing wet oxygen at room temperature. These transmission

optical micrographs show that the degradation appears to nucleate at damaged regions, such as the

cleaved edges of the sample. Fig. 4(b) shows that this degradation can also nucleate at other

locations within the film, note the lower left portion of the image. It is not known if this is a site of

random nucleation, a damage site in the fti resulting from mechanical handling, or a site of a

defect in the as-grown film such as a pinhole, larger-than-normal grain boundary, or simply a spot

with a non-Tl-2212 oxide particulate, or even a dust particle. In figure 5 we plot the critical current

density measurement normalized to its as-grown value as a function of time exposure to the

flowing wet oxygen gas. After 19 hours, the sample has lost -80% of its current-cmying ability,

and appears to be mostly degraded from optical microscopy as well. The XRD signal intensity is

greatly reduced. Annealing the sample in dry oxygen at 400 “C did not recover the T1-2212 phase

or its as-grown superconducting properties.

These results show that the presence of water is harmful to the stability of T1-HTS thin films.

The effects of water on T1-1212 are more severe than on TI-2212. By inference to observations

from T1-1223 and T1-2223 fdrns, we believe that the measured moisture degradation properties are

general to single T1-O and double T1-Olayer superconducting crystal structures. Water in vapor

form is significantly worse, perhaps due to its superior ability to come into physical contact with a

fdm surface. By storing T1-HTS f@ in dry ambients, no degradation of properties is observed

for periods approaching one year. Neither short time exposures to acetone nor methanol appear to

cause any measurable change in properties of T1-1212 or T1-2212 films, allowing the use of these

standard cleanroom chemicals for sample processing. These results are consistent with those

found for W3aCu0 and Hg-HTS films. [18-35] The mechanism for degradation is likely the ability

of both Ba and Ca to easily form hydroxides.[35]
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B. High-temperature stability in oxygen and nitrogen ambients

The long-term stability of TM-ITS thin film properties in dry ambient conditions is not

addressed in the experiments described above. To accelerate the degradation of fti properties,

experiments were performed at elevated temperatures in both oxygen and nitrogen ambients. Films

were measured by XRD and for JC (7K) after growth and then after successively higher

temperature one hour furnace anneals. On occasion, the sequence of N2 anneals is interrupted with

a 400 “C 02 anneal to determine if the degradation in JC(7K) is related primarily to oxygen-loss or

to irreversible structure changes.

1. Oxygen annealing

The critical current density measured at 7 K from T1-1212 and T1-2212 epitaxial fti appears

to be stable in oxygen to temperatures greater than 500 and 650 “C, shown in figures 6(a) and

6(b), respectively. These resuhs attest to the robustness of these T1-HTS materials in high-

temperature oxygen ambients. The XRD pattern and peak intensities remain unchanged for these

films over this range of annealing. For T1-1212, J, (7K) begins to decrease at temperatures above

500 “C over a 2000 range, becoming negligible by 700 ‘C. JC(7K) for T1-2212 films does not

begin to decrease until temperatures above 650 ‘C, but falls very quickly over a 500 range to

negligible values also by 700 ‘C.

The XRD peak intensities decrease at temperatures corresponding to the decrease in JC(7K)

for both T1-1212 and T1-2212 fdms. This is shown in figure 8 for a T1-2212 film annealed in 02

successively at 685, 690 and 695 ‘C. By 700 “C, there are no discemable T1-2212 XRD peaks.

The degradation of the XRD pattern for T1-1212 is similar to that for T1-2212 and is discussed in

an earlier publication.[38] The decrease in XRD peak intensities is associated with an increase in

structural disorder. This disorder can be in the form of smaller grain sizes and/or the creation of

point defects within the crystalline grains. The creation of such disorder is consistent with the

sublimation of T1-O from the films during the annealing. Indeed, EDX finds a significant loss of
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T1in films annealed at 700 “C in 02 EDX averaged over a large area (500 ym2) finds no change in

the T1-2212 fti Ba:Ca:Cu ratio of 2:1:2 with annealing, however, the T1-content decreases

substantially from -2.0 to 0.4. We associate the initial depletion of T1-O from T1-1212 and Tl-

2212 fdms with the creation of defects leading to enhanced flux pinning. [38-41]

2. Nitrogen annealing

Figure 8 shows the behavior of JC(7K) of T1-1212 fti as a function of annealing in N2

ambients at increasing temperatures. The JC (7K) of T1-1212 decreases rapidly at annealing

temperatures above 200 “C and becomes negligible by 275 ‘C. Similar behavior is observed for

T1-2212 films, with JC(7K) becoming negligible by 325 ‘C. However, the appearance of these

fdms is still quite dark and uniform. Furthermore, the XRD spectra following these anneals

remains unchanged in peak positions and intensities. To determine whether the sharp decreases in

JC(7K) were simply the resuh of reversible oxygen loss in these reducing ambients, we then

annealed both the T1-1212 and TI-2212 ftis in Oz at 400 “C. The result was a complete recovery

of JC(7K) in each film.

Anneals in N2 at increasingly higher temperatures again produce a decrease in JC (7K). 02

anneak were performed following those N2 temperature anneals that caused a decrease in

magnetization JC(7K) measurements to noise levels of the SQUID magnetometer. These decreases

in JC(7K) occur over smaller ranges of temperature with increasing annealing temperature. For

both T1-HTS phases, this behavior changes abruptly at annealing temperatures above 400 “C.

Anneals above this temperature do not reduce JC (7K) values to zero. These anneals were not

followed with any oxygen anneals. For T1-1212 films, JC(7K) decreases slowly with increasing

nitrogen annealing temperature to 550 “C. Above this temperature, JC(7K) falls rapidly to zero.

Clearly the decreases in JC (7K) at temperatures well below the sample degradation

temperature of 600 “C for anneziksperformed in Nz are the result of reversible changes in the
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oxygen concentration of the films, not irreversible changes due to Tl depletion. To demonstrate

this, we repeated the stabiMy experiment for T1-2212 films. This time, each Nz ~e~ was

followed with a 400 “C anneal in 02 The results are shown in figure 9. JC (7K) remains

essentially unchanged for double anneals up to 585 “C, and then falls off very rapidly to zero by

600 “C. These Nz annealing results are consistent with those obtained for Oz annealing.

Superconductivity becomes negligible in both T1-1212 and T1-2212 ftis at the same temperature:

600 “C in Nz and 700 “C in Oz. Degradation associated with T1-Oloss from the films, however,

begins at lower temperatures in each ambient for T1-1212 than for T1-2212. In all cases,

degradation resulting from T1depletion is accompanied by a change in the appearance of the ftis

from dark and uniform to transparent and splotchy. These changes are also confiied with the

weakening of the XRD peak intensities. It should be noted that the low temperature annealing

results are different from those obtained in T1-1223 single crystals, where annealing for at least 200

hours at 400 “C in either flowing 02 or Nz result

results are not inconsistent given the presence of

oxygen diffision.[12, 42]

IV. SUMMARY

in only minor changes in TC. However, the

grain boundaries in the fdms which facilitate

We studied the stability of T1-HTS fti under a variety of conditions. In general, we

observe that the behavior of single T1-O layer materials (T1-1212 and T1-1223) are similar and that

the behavior of the double T1-Olayer materials (T1-2212 and T1-2223) are similar. None of the

materials are affected by immersion in either methanol or acetone, or by repetitive thermal cycling

between 7 and 300 K. These results are promising for the use of standard post-processing

chemicals and actual applications. All T1-HTSmaterials are sensitive to moisture, especially in the

form of vapor, similar to the behavior of the other cuprate superconductors. It should be noted that

TI-2212 is significantly more stable under these conditions than T1-1212, which maybe important

for material selection in certain applications. These matexials can be easily protected in storage

using dry ambient conditions. T1-2212 fti also are slightly more stable than TI-1212 films at

11

.=. —...—.-, .. . ...... .. .. .-, .,- ., ---- -..”” -“”
.- --= ., .-., ,-. ,nf- —. ,



* StabiliQ of T1-Ba-Ca-Cu-O Superconducting ~in Films -

elevated temperatures in either oxygen or nitrogen ambients. However, the total degradation of
I

both structural and superconducting properties occurs at the same temperatures in Nz (600 “C) and

in 02 (700 “C), resulting from the catastrophic depletion of T1-Ofrom the fdms. In conclusion, the

thermal stability of T1-HTS materials extends above 500 “C in any oxygen ambient condition (O to

100%), allowing the matetiak to easily survive any foreseeable type of post-processing condition

necessary for sample preparation or device fabrication.
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Figure Captions

1.

2.

3.

4.

5.

6.

7.

8.

9.

XRD patterns from c-axis oriented, phase pure T1-HTS films on La.AIO~(100);a) T1-1212,

b) T1-2212, c) TI-1223, and d) T1-2223.

Morphology of a) T1-1212 and b) T1-1223 ftis from SEM.

XRD of T1-1212 fti as-grown (lower) and following 5 minutes in flowing wet 02 “

(upper). Note that the intensities are plotted on a logarithmic scale.

Transmission optical micrographs showing the spread of corrosion in a T1-2212 fti after

(a) 2 hours and (b) 4 hours in flowing wet Oz at room temperature.

JC(5 K) vs. time exposure to flowing wet 02 at room temperature for a T1-2212 fdm.

JC(7 K) vs. 02 annealing temperature for (a) T1-1212 and (b) T1-2212 fdms.

XRD patterns for TI-2212 ftis at Oz annealing temperatures in the degradation range.

JC(7 K) vs. N2 annealing temperature for T1-1212 films. Whenever the JC(7 K) became

negligible, the film was annealed at 400 “Cin Ozfor one hour.

JC(7 K) vs. N2 annealing temperature for T1-2212 fdms. Each Nz anneal was followed by

a 400 “C anneal in Oz for one hour.
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