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Growth of Oxide Seed Layers on Ni and Other
Technologically Interesting Metal Substrates: Issues
Related to Formation and Control of Sulfur
Superstructures for Texture Optimization
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C. M. Rouleau

Abstract—The current carrying capabilities of RABiTS are con-  that the structure and chemical composition of the textured Ni
nected to the crystalline quality of the seed buffer layer and the sta- surface has a profound effect on the heteroepitaxial growth of
bility of the metal/seed layer interface. Our study shows that the entjre classes of oxide seed layers.
epitda_xital dggowth cl’]f commontly utsed seed Ia;yers{hon te):“fred fNi IS In particular, our experiments revealed the existence of a
mediate a sulfur superstructure present on the metal surface. ; ;

Many strucKJraI defectspgenerated dFl)Jring seed layer growth (sec- sulfur superstructure on the textu'red Ni (or Ni aIon). surface

ondary orientations, in-plane rotation, incomplete cube texture) that form_s afte_r Sl_,lrface segregation of_sulfur co_ntamed as a

can be related to the S surface concentration and superstructure Common impurity in the metal bulk. During the high-temper-

coverage. More generally, our results indicate that the epitaxial de- ature texturing anneal, S atoms diffuse to the surface of the

position of several classes of oxides (fluorite, perovskite, R©;) tape and are arranged in a centeredk @ superstructure.

on several{100}(100) fcc metals depends, in addition to chem- Depending on the initial S concentration and/or specific

ical stability and lattice match, on the existence and optimization of annealing conditions, the superstructure layer can exhibit

S supersltrl:c(tjutrefhon thf\sNt n;]et]?cliifurfaciz. Og theseNpaEI_es,”we discgsaiﬁerem coverage.

issues related to the growth of different oxides on Ni, Ni-alloys, an .

Pd surfaces having d%fferent chemical and structural prope?/ties. Here.we discuss the gffect of such S.uDe.rStrUCture on the
nucleation of several oxide layers on Ni, Ni alloys, and Pd

Index Terms—Buffer layers, coated conductors, epitaxial films, gyrfaces. We also examine issues related to incomplete su-
metal surface. perstructure coverage, and describe a method for controlling

the S surface concentration.

. INTRODUCTION

HE FABRICATION of rolling-assisted biaxially textured Il. SEED LAYERS ON {100}{100) NI

substrates (RABITS) is based on the epitaxial depositionAmong the various materials compatible with Y& O _s
of an oxide film on a biaxially textured metal tape, typicall(YBCO), the seed layers used in RABITS (adopting varimus
Ni or Ni alloy. Recently, Oak Ridge National Laboratory andgitu and ex situtechniques) are oxides with perovskite struc-
private companies like American Superconductor Corporatidmye (SrTiQ;, LaMnGs), fluorite structure (Ce@ and Y-sta-
3M, and Microcoating Technology, in the US, have producedllized ZrG,), pyrochlore structurélLasZr,O7), and REO3
highly textured RABITS tapes in meter lengths [1]. The scaktructure (GdOs, Y,03, Eb,O3). The last two groups exhibit
up of this technology has involved transition from a typical stax crystal structure that differs from the fluorite by the presence
tionary, short-sample buffer layer deposition to continuous, resfl vacancies in the oxygen sublattice and cation order (in py-
to reel texturing anneal and deposition processes. In the firsthlores). The oxide seed layers investigated in this study are
stages of this effort it was found that uniformity and reproce(;, Y-stabilized ZrQ (YSZ), G&,0s3, LaMnO; (LMO) and
ducibility of the seed buffer layer texture had not reached th&TiO; (STO). For all these materials we found that deposition
level required for industrial production of RABITS, and a bettesn thec (2 x 2)-S template consistently produced highly tex-
understanding of the oxide film nucleation on the metal surfaggred (200) films, while deposition on a clean Ni surface always
was necessary. produced films with different orientation.

We studied the surface of textured Ni, Ni alloy, and Pd sub- |n order to produce clean Ni surfaces with the sulfur template,
strates during annealing and oxide film growth using a pUB?fF‘eViously textured Ni tapes were heated to B50n high
laser deposition (PLD) system combined withsitu reflec-  vacuum(P, = 1 x 10~8 Torr) for one hour to remove weakly
tion high-energy electron diffraction (RHEED), Auger electroRound species that had adsorbed on the surface after air exposure.
spectroscopy (AES), and x-ray diffraction (XRD). We foundrnjs step was effective in removing any traces of hydrocarbons

and oxygen on the sample surface. A stable S superstructure was

Manuscript received August 8, 2002. This paper was supported in part by fikthis point observed using RHEED and AES. An example of
U.S. Department of Energy under Contract DE-AC05-000R22725 and in pRHEED patterns is shown in Fig. 1 for two different orientations:

by the Oak Ridge National Laboratory, managed by UT-Battelle, LLC. ; S i ;
The authors are with the Oak Ridge National Laboratory, Oak Ridge, Twlth the incident electron beam parallel to m®0> (Flg. 1(a))

37831 USA (e-mail: cantonic@ornl.gov). and to the(100) (Fig. 1(b)), respectively. The patternin Fig. 1(a)
Digital Object Identifier 10.1109/TASC.2003.811936 shows two extra streaks (indicated by arrows) in addition to the

U.S. Government work not protected by U.S. copyright.
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Fig.1. RHEED patterns obtained from th&00}(100) Nisurface after Lhour , )

anneal at 500C with the incident electron beam alog00), (a); and along Fig. 2. XRD¢-scan of the (111) peak for a CeGeed layer deposited on the
(100), (b). The Ni reflections are indexed and arrows indicate the superstructyré X 2) sulfur template chemisorbed ¢100}(100) Ni.

streaks.

reflections observed for a clean Ni (001) surface pattern. The
extra streaks are positioned halfway between the Ni streaks
and are not observed in tH@10) pattern. This is consistent
with the existence of a (2 x 2) S superstructure with S atoms
occupying alternating four-fold hollow sites on the Ni surface
lattice. AES spectra showed that the concentration of S on
the surface was uniform across the sample and constant with
temperature up to 100C in UHV conditions [2]. Ni surfaces
free from sulfur were obtained by depositing a Ni film on the
textured Ni tapesn situ by PLD. AES and RHEED analysis Fig. 3. Schematic model for the nucleation of Gesind STO on a (001) Ni
of laser deposited Ni overlayers indicated that these films didrface with chemisorbed (2 x 2) sulfur superstructure. The dashed lines

not contain any detectable amount of S. In these Sampqggicate correspondence between oxygen sites in (001) planes of the seed
) ayer and sulfur sites on the Ni surface. The seed layer cations impinging on

segregation of sulfur to the surface and consequent formatkﬁi] Ni surface bond easily to the sulfur atoms present on the metal surface,

of a ¢ (2x 2) superstructure were observed only after th@omoting the (001) orientation of the growing film. In the STO case, there

sulfur atoms had diffused through the entire Ni overlayer ésa 1:1 correspondence between oxygen atoms in the SrO plane and sulfur
: atoms on the Ni surface. Therefore, it is plausible that Ti ions initially bond to

a consequence of anneals E'?lt tempe_ratures o750 hlgher. . the S surface atoms to form the first Ti@lane of the STO structure. In the

However, RHEED observations |nd|c?-t?d that the formatiafko, case, two of four oxygen ions per unit cell match the sulfur atoms of

of the sulfur superstructure on the Ni films (500-1000A  thec (2 x 2). During nucleation of CeQ oxygen atoms may fill in the empty

thiCk) is a very slow process with a time constant of the ord rfold Ni hollows and the Ce cations subsequently bond to the template

L . ormed by S and O.

of 1 h or more. This justified the use of the samples with Ni

overlayers as clean Ni surfaces in the seed layer deposition

experiments. All seed layers were deposited by laser ablation [1l. QUANTIFICATION AND CONTROL OF THE

of stoichiometric ceramic targets on th¢2 x 2)/{100}(100) S-SUPERSTRUCTURE

Ni surface, and on the superstructure-free Ni overlayers thatIt is evident that the: (2 x 2)-S superstructure plays a ver
had been previously depositéd situ. The films were grown . ; ; perst piay y
ég’?ortant role in the nucleation of an oxide buffer layer on Ni.

under the same conditions and with the same procedure for by propose that the effect of the S superstructure can be par-
:c%/r?e(sj of sg:pplef[s, Whlletmonltorln% Lheiﬁro??e&sm\;vcljtgolzléEE lally explained on the basis of structural and chemical consid-
€ deposition temperature ranged betwee * erations. The S layer behaves like a template that matches and

In the case of .YSZ. and STO, after an |n|th'sl_I1800-A-th|ck mimics the arrangement of the oxygen atoms in (001) sub-lattice
layer was deposited in vacuufi,.se < 5 % 10 Torr), the  hjanes for all the seed layers considered in this study, as shown
O, partial pressure was increased ta 10" Torr and a final j, Fig 3. Sulfur belongs to the VI group and is chemically very
film was grown. CeQ and GdO; seed Ia)ie%rs were grown atgjmilar to oxygen, often exhibiting the same electronic valence.
a constant KO partial pressure of 1-6107" Torr. LaMnO;  The presence of such an ordered S template, thus, facilitates
was grown using an $0 partial pressure of 3—6 mTorr. Fig. 2the honding of the oxide cations in specific sites promoting the
shows_ an XRDp—scan of the (111) peak for a Ce®eed layer (001) epitaxial nucleation of the film.
deposited on the (2 x 2)-S template. The first XRD peak ap- |n cases for which the bulk S content of particular batches of
pears at 0, indicating that the Ce©film had grown with @ Nj was much lower than 30 p.p.m. by wt., the seed layer de-
45° in-plane rotation on the Ni substrate. This was also thgbsition process produced films with degraded texture or par-
case for YSZ and G@; seed layers, while STO and LMOtial (111) orientation. In those cases, as recent Auger electron
grew cube-on cube on the(2 x 2)-S template. Deposition of spectroscopy (AES) analyses revealed, S was depleted in the
the same buffer layers on clean Ni surfaces gave rise to filmsar-surface layer during a high temperature texturing anneal
with (111) orientation in the case of YSZ, Ce@nd GdO;, (~1100C). This may be the result of the formation and subse-
(001)seed /(001)Ni but multiple in-plane domains in the casequent desorption of SQin the presence of a sufficient partial
of STO, and (110) orientation for LMO. pressure of oxygen. Sulfur depletion impeded formation of a
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Fig. 4. RHEED pattern showing strong(2 x 2) reflections obtained after 100% c(2x2) 40% c(2x2) 0% c(2x2)

exposing a cleaq100}{100) Ni surface to a few L of HS at 800C, (a).
Logarithmic (111) pole figure of a YSZ seed layer growmsitu on thec  Fig. 5. Comparison between pole figures of 3 different STO films grown on
(2% 2)-S shown in (a), (b). For this sample the x-ray background signal ws00}(100) Ni substrates having different sulfur coverage: 100%o2x 2)
eliminated by subtracting a second pole figure obtained after changing thger (or6 = 0.5 ML) left; 40% middle; 0% right.
Bragg angle by 1 degree. The calculated percentage of cube texture for this
film was 99.96%.

measured AES % of S
) , ) i 0 5 10 15 2
continuouse (2 x 2) layer across the entire Ni surfaces, drasti- , - : ;
cally modifying the oxide film nucleation. 20 //

The above-mentioned considerations illustrate a connection
between the quality of the seed layer texture and the degree of 15
coverage of the: (2 x 2) superstructure on Ni. To investigate
this, we conducted combined AES and RHEED experiments
aimed at quantifying the coverage of th€2 x 2) structure on
different Ni samples.

During AES experiments, depending on the material under 05 /

J. MA/cm?
5

test and the beam energy, Auger electrons escape and are de-
tected from a layer 5 to 18 deep below the surface. Therefore, 0.0
the S concentration from AES can differ from the actual atomic
concentration of the top monolayer of the surface 1), because Sulfur (% ¢(22))

of the uncertainty related to the measurement itself; and 2), be- 6 Critical  densit e Ubstrate S ation for 4
cause, after segregation, S could exhibit a concentration gradi . lrtica] current density VErsus initial substrateé > concentration for

in the layer tested by the Auger technique. We solved this amEE&O/CeQNSZ/CeQ/N' RABITS samples.

guity by comparing the AES results obtained on typical samples

with those obtained on superstructure-free samples on which tained on samples where thé x 2)-S had formed as a con-

¢ (2 x 2) was intentionally grown through S adsorption. In thessequence of segregation, and showed RHEED patterns identical
experiments, a clean Ni surface was first produced by deposititmghe ones acquired in the S adsorption experiments. From these
a Ni layerin situ. Subsequently, a small amount of$lwith a observations we associated an AES value 25% to a full layer
partial pressure dfx 10~ —1 x 106 Torr was introduced in the of ¢ (2 x 2)-S on the Ni surface. Consequently, we were able
vacuum chamber at a substrate temperature of 700€8€fr to quantify the S surface content in cases in which the super-
few minutes and then pumped away. As shown by several otlsétucture did not cover the entire Ni surface and ¢h@ x 2)
surface studies, the43 molecules dissociate at the Ni surfaceeflections in the RHEED pattern were less intense than in fully
and S atoms chemisorb to form a superstructure with a coverageered samples.

that saturates at 0.5 M1 ML =(number of surface adsorbate Fig. 5 is a comparison of pole figures for a YSZ seed layer
atoms )/(number of surface substrate atoms)], correspondinggtown on three different types of Ni substrates. In the first case
one complete atomic layer of thhg?2 x 2)-S [3]-[5]. Exposures the substrate shows a complete S superstructure and the (111)
to HyS as low as a few [1 L(langmuin = 10~6 Torr-§ pro- logarithmic pole figure of the YSZ seed shows perfect cube tex-
duced very strong (2 x 2) reflections in the RHEED patternsture. In the second case the substrate superstructure exhibit a
as shown in Fig. 4(a). The sulfur superstructure was stablepatrtial coveragé~40%) that translates to multiple orientation
800°C after the HS was removed. Ceand YSZ seed layers for the YSZ film. In the third case the surface of the substrate
depositedn situ after S adsorption were highly oriented with aloes not contain any S and the YSZ film shows only a (111) tex-
percentage of cube texture very close to 100%, as indicatedtbye. In cases in which the substrate’s S coverage was between
the (111) pole figure of Fig. 4(b). Longer exposure of the Ni su40 and 80% of a fulk: (2 x 2) layer, we observed a cube tex-
face to HS (>1800 L) did not produce any degradation of theure with XRD peaks broader than those observed in seed layers
RHEED pattern that could be attributed to adsorption of surfageown on substrates with 100842 x 2).

Sin excess of 0.5 ML, or formation of a Ni sulfide phase. After The improvement in the texture of the seed layer determined
exposure to air at room temperature and consequent re-heabigghe S superstructure corresponds to an enhancemeft in

of the sample in vacuum, the as-grown superstructure was fowfdhe YBCO film subsequently deposited on the completed
to be stable and reproduced the same initial RHEED pattefseed plus buffer layer) RABIT substrate. This relation is
AES experiments performdd situ after S adsorption yielded illustrated in Fig. 6, which plots the critical current density of

a sulfur signal of about 25% at saturation. The same value wasyBCO/CeQYSZ/CeG,/Ni samples versus the S surface

0 2 S0 Il 100
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Fig. 7. AES data collected on a biaxially textured Ni-3%W alloy substrate
after heating to different temperatures and holding for 10 or 60 minutes. The
inset shows the RHEED pattern obtained after heating t6 650 Fig. 8. RHEED pattern for a 100 nm-thick @@s film on Ni—3%W.

content of the Ni substrate prior to seed layer deposition. In . . . .

this experiment, the first sample was obtained by selectifgY9€"n and carbon signals in the Auger plot derive from air ex-
a meter-long textured Ni tape showing only 40% of the BOSUre after the texturing anneal, and these species desorb easily
coverage corresponding to a full monolayer of(2 x 2) with mild heating. As expected from these observations, high
and the other samples were exposed GHn a subsequent qua]lty buffer layers were deposited on such Ni—-W surfaces.
anneal. In this case, the texturing anneal, sulfurization angFi9- 8 shows the RHEED pattern of a gk seed layer
seed layer(CeQ,) deposition were carried oun situy, and 97OWn by PLD on a textured Ni-3%W substrate at a temper-
continuously, in a reel-to-reel vacuum system equipped wi ure (,)f (_SOGC and a water pressure ofxl10 Ter..The .
an Auger spectrometer. The,H partial pressure was varied 9Ure m;hcate_s that the seed layer has grown epitaxially with
during the sulfurization treatment in such a way that differefp04) orientation. The weaker streaks marked by the arrows
portions of the tape would show different S surface coverageif Superlattice reflections originated by the periodicity of the
the end of the process. After deposition, 4 sections of the tdfige cubic cell(a = 10.813) of Gd,0; [9]. Fully textured

. . . O, YSZ and Y,05; seed layers have also been deposited
gﬁgeYsggr(l)dwgst%:pglgiﬁerzn;nstﬁsrr;agi ;EBCES?tratlons were on ¢ (2x 2)-S/INi—3%W, by PLD or other vapor deposition

Sulfur adsorption experiments provide a method for quanf echniques, using the same growth conditions established for

fying the S coverage on the Ni surface after the texturing anne gposition on Ni. We would like to point out that, because of

But, more importantly, KIS exposure provides a rapid and effil € higher reactivity of @with W, as compared to Ni, careful

cient way to obtain a full coverage of thé2 x 2)-S on textured control of background oxygen is important during buffer layer

Ni. and, consequently, optimizes the seed layer texture withdlfPosition on Ni-W alloys. RHEED observations showed that
being restricteg by thye arl)nount of S present)i/n the bulk, whid{"llé the Ni=3%W surface is stable in the presence of a water
depend upon the less efficient segregation procesS. po- pressure in the range of 10 Torr, H,O pressures in the range

sure has been successfully introduced in a continuous proc¥ssC_ 10T O higher cause changes in the diffraction patterns
that can be interpreted as oxide formation. The surface of pure

for texturing and Ce@coating of meter-long Ni tapes, yielding . . ; Y .
highly oriented and reproducible long lengths of RABITS [6]'.\II rtir:t?]'sni(? ﬁ]t_?glf against oxidation at water pressures as high
3 .

YBCO films deposited on short sections of these RABlTStapg1 The reactivity with oxygen is substantially higher for

by PLD andex situBaF, method have consistently shown crit- . ", '~/ . .
ical current densities larger than 1 MA/&H¥]. Ni—13%Cr substrates. In fact, attempts to deposit typical seed

layers like CeQ or Y03 by several vapor deposition tech-
nigues on Ni—-13%Cr have failed. A combination of RHEED
IV. RESULTS OFI\SIE'?%(;;&E%\]G;%\STH ON NI-3%W, and Auger measurements on these substrat.es has shown that
' C and O species are strongly bound to the Ni—Cr surface after
Because of the magnetic properties of Ni, coated condumis exposure, and high temperature anneals (7002F5
tors fabricated using Ni tape show losses in AC electromagne2@0 mTorr of forming gas before deposition are necessary to
fields, which pose a serious problem for certain applications [8]ean the surface and expose the underlying S superstructure.
Alloying Ni with small quantities of metals like W and Cr results<Once cleaned, the Ni-13%Cr surfaces with theddp x 2)-S
in lower or practically zero magnetization at liquid, temper- superstructure are stable in background oxygen pressures lower
ature (the latter is the case of the Ni-13%Cr alloy). In additiothat 1x 10™® Torr. Above this value, oxidation of the substrate
Cr and W add strength to the tape, making handling of lengthscurs rapidly disrupting seed layer growth. As mentioned
easier. above, the deposition conditions for most of the seed layers used
Knowing the importance of the S superstructure for epitaxifdr RABITS involve a BO pressure of 10° Torr or higher.
seed layer growth on Ni, it is natural to wonder whether the sGuch a HO pressure in the deposition chamber gives rise to
perstructure plays the same role in textured Ni alloys. Fig.ah equilibrium oxygen pressure in the range of 10orr, as
shows Auger data and a RHEED pattern for a textured Ni—3%Wicated by a quadrupole mass spectrometer, and therefore is
substrate heated up to 9@ in high vacuum. It is evident that, sufficient to oxidize the Ni-13%Cr surface. The only successful
just as for Ni, S surface segregation during texturing has rattempt of oxide seed layer growth on the ba(@ x 2)/Ni—Cr
sulted in ac (2 x 2) superstructure with complete coverage. Theurface by PLD was obtained using YSZ. Unlike other seed
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depositing thick epitaxial Pd films on (001) STO single crystals
by e-beam evaporation. The as-grown films were free of sulfur

\ Ni | YSZ and the: (2 x 2) superstructure was grown by in sity$lexpo-
60° 1740 sure, as done for Ni substrates. Fig. 10 shows a comparison of
RHEED patterns acquired during the nucleation of a C&io
7.6° |5.1° on ac (2 x 2)-S/Pd surface and on a clean Pd surface respec-
tively. In the latter case the RHEED pattern shows additional

spots attributable to (111) oriented and 46tated crystal do-
mains that are not observed whérO, is deposited on the S

YSZ (111
(111 covered metal surface.

Fig. 9. Logarithmic (111) pole figure of a YSZ film
(2 x 2)INi-13%Cr.

deposited @n
V. CONCLUSION

With superstructure In conclusion, thec (2 x 2)-S superstructure is not only
' present on{100}(100) Ni but forms also on the surface of
biaxially textured Ni-alloys such as Ni—3%W and Ni—13%oCr,
and on Pd. In all cases, th€2 x 2)-S superstructure acts like a
template that enables the epitaxial growth of oxide seed layers
on the metal, and a complete coverage of this chemically stable
layer is necessary to replicate the substrate texture in the buffer
layer. Annealing the Ni, Ni-alloy, or Pd substrates at seed layer
deposition temperature, in the presence of a small amount of
H,S is sufficient to produce a stahl€2 x 2)-S with a coverage
Fig. 10. RHEED patterns with e-beam parallel to the subs¢se) fora Of 0.5ML. This simple step creates a complete S template
CeO; film nucleated on a Pd (001) surface with the S superstructure (a) andivdependent of the coverage obtained through segregation.
a clean S-free Pd (001) surface. Implementing this step in a continuous RABITS fabrication
process allows the initial Ni/Ni-alloy texturing anneal to be
layers, YSZ can be deposited from a ceramic target usiogrried out at conditions that yield the best texture (and often
an oxygen background pressure as low as'i0Torr. Cube involve high temperatures and consequent S evaporation)
textured YSZ films were grown on Ni-13%Cr at a temperatusgithout being limited by the S segregation process.
of 600°C by ablation of a YSZ target in the base pressure of the
vacuum chamber (0.5-210~8 Torr, corresponding to an{
partial pressure of 0.5-2 10~ Torr). In addition to the (002)
reflections, these films showed a small (111) component with The authors would like to thank P. Fleming (Oak Ridge Na-
no preferential in-plane orientation. The (111) component wésnal Laboratory, Solid State Division) for depositing the Pd
not observed when the initial part of the YSZ deposition wddms on STO substrates.
conducted in a partial pressure of$lequal to 2« 10~ Torr.
Fig. 9 shows the logarithmic YSZ (111) pole figure fora 170 nm
thick film that was grown using k5 for the initial layer of ) o
70 nm in thickness. Although the background x-ray signal was!!! szzlﬁfﬁgfgﬁs%‘ée%3;‘2?_210822'88; Peer Review on Superconductivity,
subtracted in order to highlight possible secondary orientations(2] c. cantoni, D. K. Christen, R. Feenstra, D. P. Norton, A. Goyal, G.

Without superstructure

45° rotated
CeO,

(C) (b)
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