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ABSTRACT

The literature on the sputtering of high-temperature superconducting cuprate thin films is
presented. Much of the work is on YBa,Cu,O, and the related compounds with Y replaced by a +3
valence lanthanide. However, work on (La, Sr ),CuO, is included, as are the few available papers on

films based on the Bi-Sr-Ca-Cu-O and Ti-Ca-Ba-Cu-O material systems. A listing of authors by institu-
tion shows which laboratories are currently most active in this field.

INTRODUCTION

In the new field of study of the hlgh-temperature (>30K) superconductors, the publication rate is
extremely high, but there are at present few review articles. {Notable exceptions are the introduction to
‘the field by Geballe and Hulm,! and the review of small-scale analog applications by Clarke2). “Good
general introductions to low temperature superconductivity may be found in the texts by Kittel® and
Tinkham.* No comprehensive reviews on sputtered films are yet available. The purpose of this bibliog-
raphy is to assist researchers who wish to enter this burgeonmg field, and to render assistance to those
already investigating high-T, sputtered films.

The references for this blbhography were compiled largely by the use of the INSPEC database pro-
duced by the Institution of Electrical Engineers. A few other bibliographical databases were consulted
as well. Three conference proceedings not indexed by these sources were examined directly. Finally,
relevant unpublished preprints which came to our attention were also included. A complementary refer-
ence is a bibliography by the National Technical Information Service (NTIS) on superconducting films
covering the period 1975-1987.°

A bibliography of this nature will quickly become dated. Therefore, the reader will need to sup- -
plement the cited literature with additional, more recent papers. Conference proceedings are particu-
larly valuable information sources; the Materials Research Society and American Vacuum Society meet-
ings are examples. Other upcoming conferences are the Applied Superconductivity Conference, San
Francisco, August 1988 and the Conference on the Science & Technology of Thin-Film Superconductors,
Colorado Springs, Nov. 1988. A large percentage of the published papers on high-T, thin films currently
appears in Applied Physics Letters and the Japanese Journal of Applied- Physics, Letters, so these jour-
nals are good for a “first look.” Of course, new conferences and new journals are appearing, so these
sources should be consulted as well.

The six sections of the main bibliography are organized according to material, with the older
materials listed first:

* This work was supported by the Director, Office of Energy Research, Office of Basic Energy Sciences, Material
Science Division of the U. S. Department of Energy, under Contract No. DE-AC03-765F00098.



L. (La_Sr),Cu0,

II. YBa,Cu,0, and (La; Sr),CuO,
IilL. YBaZC'u3O7

V. Y]E’>2L20u307 with substitutions for Y
V. Bi-Sr-Ca-Cu-O

VI. Tl-Ca-Ba-Cu-O

In the subsequent text, papers in the main bibliographical listing are referenced by the appropriate
roman numeral, the first author’s last name, and other identifying information as necessary. An exam-
ple is (I, Adachi, June 1987). '

COMMENTS ON THE LITERATURE .

Sputtering is a common industrial and laboratory vacuum deposition process, in which a target is
bombarded by ions (e.g. Ar). Target atoms are ejected and form a deposit on the substrate. . Two stan-
dard references are the monograph by Chapman® and the handbook edited by Maissel and Glang.7
Competing physical deposition processes are laser ablation,® e-beam evaporation,g and molecular beam
epitaxy.lo Chemical film synthesis techniques, which include sol-gel processing, chemical vapor deposi-
tion (CVD), and chemical beam epitaxy (CBE), are less developed at this writing, but may well assume
increased importance in the future.

Most commonly, sputtered films have been fabricated by the use of a single stoichiometric target,
or else by a target in which the cation composition is adjusted to compensate for preferential sputtering
of one or more species. Other techniques include sputtering from several separate oxide targets (II,
Char, Oct. 1987; III, Somekh), ion-beam sputtering (numerous papers), reactive sputtering using three
metal targets (III, Char, Oct. 1987), and sputtering of metals followed by subsequent oxidation (III,
Gurvitch, 2 papers). Targets may be monolithic solids or in powder form. It has been pointed out that
BaF, is often a more useful source of Ba than the oxide or carbonate forms.!! For example, the A.T.&T.
group (III, Liou, in press) has successfully sputtered YBCO films using a single unreacted target of Y,0g,
BaF,, and CuO powders. Brief reviews which compare sputtering with other film synthesis techniques
have been given by the Stanford and A.T.&T. groups (IV, Kapitulnik; III, Hong, Nov. 1987). A review
of the literature on the preparation of BaPb, Bi O, films (T.=13K) was published in 1986,12 just prior
to the development of high-T, films.

The sputtering atmosphere is often supplemented with oxygen to assist with incorporation of
sufficient oxygen in the resulting film. The use of elevated substrate temperatures can also assist in the
direct formation of the desired phase. However, if substrate temperatures or annealing temperatures are
too high, interdiffusion of substrate and film takes place. In any case, films can be oxidized in a subse-
quent oxygen anneal.

The recent A.T.&T. work (II, Liou, in press) will be used to illustrate sputtering deposition
parameters characteristic of the present state of the art for YBCO. A pure Ar atmosphere (6 mTorr)
was used. Substrate-to-target distance was 5 cm; deposition rate was 0.1 nm/sec. An excess of Ba and
deficit of Cu (relative to Y) was used in the target. Substrates employed were SrTiO4, MgO, and ALO,.
The as-deposited films (insulating), were annealed in O, at 825° C for 4-10 hours. The resulting films on
single crystal SrTiO, substrates exhibited strong tendencies to be oriented epitaxially with the substrate.

Another illustration of deposition conditions for YBCO will be taken from the work of the group
at Karlsruhe (IT, Li; OI, Meyer). The sputtering gas was 200 mTorr O, and 400 mTorr Ar. The
substrate-to-target distance was 2-3 cm and the deposition rate was 5X 1074 nm/sec. The target was
YBa,Cu,0,. The (best) substrate temperature used was 770°C; after deposition, no higher tempera-
tures were required. A subsequent anneal at 430° C in pure oxygen converted the films to the correct
orthorhombic phase. These (and other) authors emphasize that bombardment of the growing film by
negative oxygen ions must be minimized. Films grown by the Karlsruhe group have been superconduct-
ing above 77K even on Al,O4 substrates, due to the relatively low maximum temperatures used in
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processing. Films on SrTiO, had a value of J; of 1. 3x10% A cm™2 at 77K.

Film quality can be determmed by the standard characterization techniques for films (mlcroscopy,
x-ray diffraction, XPS, RBS, etc.), but electrical measurements are also essential. A sharp transition to
the superconducting state, with T, (onset) close to T(resistance = 0), is an indicator that the film is
mostly a single superconducting phase. A high and metallic conductivity in the normal phase (resistance
increases with increasing temperature) is further regarded as a measure of high sample quality. Finally,
a high critical current density, J., with weak dependence on applied magnetic field, is desired.

Sputtering has produced some of the best high-T. films to date. In particular, high critical current
densities have been attained which far exceed those currently attainable with bulk polycrystalline
materials. The group at NTT Electrical Communications Laboratories (IlI, Enomoto, July 1987) has
achieved critical current densities of 1.8 10% A ¢m™2 at 77K in epitaxial films of YBa,Cuz0, on SrTiO,
(110) substrates (current flow parallel to the copper oxide planes). The corresponding film resistivity
just above T, is about 3X 10* ohm ¢m. The group at Sumitomo Electric Industries, Ltd. subsequently
produced sputtered films of HoBa,Cu O, on (001) MgO with values of J,, of 2. 5%10% A cm2 at 77K and
1.5%108 A cm™ at 77K in a ﬁeld of 1 Tesla (IV, Tanaka). Then Sumltomo increased J, to over
3.0x10% A cm™ by replacement of Ho by Er (IV, Itozaki, 2 papers). :

PUBLICATION DEMOGRAPHICS .

As is well known, the countries producing the most papers are the U. S. and Japan. Since we have
surveyed only the English language literature, the Japanese contribution is all the more impressive.
Soviet publications clearly are greatly underrepresented here, because they are published in Russian, and
translation journals which are available introduce a delay of some months.

The distribution of the Japanese work over the various high-T, materials is interesting. Of the
146 papers specifically on YBCO films (Section III), only 36 are by Japanese groups. However, 10 out of
13 papers on LSCO (Section I}, 17 of 19 papers on lanthanide substituted YBCO (Section IV), and about
half of the papers on Bi-Sr-Ca-Cu-O (Section V) were Japanese in origin. Thus, the Japanese effort is
well-distributed over all the various important materials, whereas the effort in other countries is more
strongly focused on YBCO.

The appended listing of authors’ institutions is included to provide an informal directory of active
researchers. The number of papers each institution has produced is listed as well. While the listing gives
a good general idea which research centers have the most activity in high-T, sputtering, one should keep
in mind that there are a similar number of individuals who are working in the field but have not yet
published. _

Research institutions with 5 or more papers are, in the U. S.: Argonne National Laboratory,
A.T.&T. Bell Laboratories, IBM Almaden Research Center, IBM Thomas J. Watson Research Center,
Stanford University, and Westinghouse R&D Center; in Japan: Electrotechnical Laboratory, Kawatetsu
Mining Co., Ltd., Matsushita Electric Industrial Co. Ltd., NEC Corporation, NTT Electrical Communi-
cations Laboratories, Sumitomo Electric Industries Litd., and the University of Tokyo; elsewhere: the
Chinese Academy of Sciences, Kernforschungszentrum Karlsruhe, and Phillips Research Laboratories.

The total number of papers in the bibliography is 206; the total number of authors is 620.
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