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We investigated the influence of a chemisorbed S template with c(2 × 2) structure on
the epitaxial growth of different oxide buffer layers on {100}〈100〉 Ni. The sulfur
superstructure spontaneously forms on the Ni surface during the texturing anneal as a
consequence of segregation. However, depending on the initial S bulk concentration
and/or specific annealing conditions, the S layer can cover less than the entire
substrate’s surface. We show that an incomplete c(2 × 2) coverage causes degradation
of the seed buffer layer texture as compared to the substrate texture. A simple step
consisting of an H2S predeposition anneal can be used to control the superstructure
coverage and optimize the seed layer texture.

I. INTRODUCTION

The rolling-assisted biaxially textured substrates
(RABiTS) technology is based on the epitaxial growth of
an oxide buffer layer that is compatible with high-Tc

cuprates on a biaxially textured metal substrate. This
process is conceptually complex because it involves the
interaction between two surfaces with very different
chemical and electronic properties. Despite this complex-
ity, many groups in the past few years have been able to
deposit several epitaxial buffer layers directly on a Ni
substrate. On the basis of these successful experiments, it
seemed natural to assume that the oxide seed layers
nucleate on a clean and pure Ni surface that is obtained
by a reducing heat treatment prior to deposition.1–3 Once
oxidation of the Ni surface is prevented by choosing a
seed layer that is thermodynamically more stable than
NiO (e.g., CeO2 or Y2O3-stabilized ZrO2) and depositing
it in reducing conditions for Ni, the lattice match between
metal and oxide buffer layer is the main factor influenc-
ing epitaxial growth. This picture, however, ultimately
proved to be inadequate, particularly after the introduc-
tion of a continuous reel-to-reel process for fabricating
meters-long buffered tape.4 In fact, even a slight irrepro-
ducibility in the seed layer texture cannot be tolerated in
a continuous process, which is more sensitive to local
imperfections than short-sample fabrication processes.
Structural defects in the seed layer propagate through the
additional buffer layers to the superconducting coating

causing substantial suppression of the critical current. To
avoid such inconsistency in the buffer layer texture and
optimize Jc, we initiated a careful investigation of the
structure and chemistry of the textured {100}〈100〉 Ni
surface and its effect on seed layer nucleation. This study
has revealed the existence of a c(2 × 2) sulfur superstruc-
ture on the textured Ni surface that forms after diffusion
and surface segregation of sulfur contained in the metal
bulk at a level less than 30 wt ppm. In a previous pub-
lication we showed that the S superstructure promotes
the epitaxial growth of Y2O3-stabilized ZrO2 (YSZ) on
{100}〈100〉 Ni. In contrast, the pulsed laser deposition
(PLD) of YSZ on clean Ni surfaces results in a (111)
orientation of the seed layer.5 In this paper we extend the
study of the effect of the c(2 × 2) superstructure to other
commonly used seed layers such as CeO2 and SrTiO3.
We also report on a more quantitative analysis of the
relationship between superstructure and seed layer tex-
ture and present a method that provides control of the
sulfur coverage on the metal.

II. PLD SEED LAYERS ON {100} 〈100〉 NI

CeO2 seed layers are successfully deposited by vapor
deposition techniques like e-beam evaporation, reactive
sputtering, and PLD. All these techniques use a back-
ground H2O pressure of about 1 × 10−5 torr and a sub-
strate temperature in the range of 600 to 750 °C. Water
dissociation provides enough oxygen in the background
to form and stabilize the CeO2 phase without oxidizing
the Ni.6 The stability of the Ni surface in the presence of
water with a partial pressure in the range of 1 × 10−5 torr
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was investigated by in situ reflection high-energy elec-
tron diffraction (RHEED) performed inside the laser mo-
lecular beam epitaxy chamber used to fabricate films for
this study. It was found that such H2O partial pressure
does not cause any structural modification of the sample
surface that can be related to growth of NiO islands or
adsorbed O. The documented first stage of Ni oxidation
consists of a chemisorbed O layer with p(2 × 2) structure
up to a coverage of 0.25 ML and with subsequent c(2 ×
2) structure up to a coverage of 0.5 ML7 [1 ML ≡ (num-
ber of surface adsorbate atoms)/(number of surface sub-
strate atoms)]. None of these structures was observed to
form as a consequence of water exposure on a clean
{100}〈100〉 Ni surface at a typical deposition tempera-
ture of 600 °C. In this case the clean Ni surface was
obtained by depositing a Ni film in situ on the textured Ni
substrate in ultrahigh vacuum conditions at 600 °C by
PLD. In any case, RHEED patterns showed that, when
present, the S superstructure that formed after bulk-to-
surface segregation was stable at typical CeO2 deposition
conditions.

Figure 1(a) shows a RHEED pattern acquired during
the nucleation of CeO2 on a {100}〈100〉 Ni substrate
having the c(2 × 2)-S superstructure shown in Fig. 1(b).
The electron beam is directed along the Ni 〈100〉. The
CeO2 film was grown at 600 °C in the presence of a
water partial pressure of 1.5 × 10−5 torr. The pattern

shows diffracted spots that correspond to a (002) biaxi-
ally textured CeO2 film viewed along the 〈110〉 crystal
direction. This is consistent with the general observation
that CeO2 grows with a 45° in-plane rotation with respect
to the {100}〈100〉 Ni substrate. The presence of spots in
the RHEED pattern indicates that the nucleation is oc-
curring by formation of islands, which are tall enough to
produce a transmission diffraction pattern. The spacing
between the RHEED reflections in Fig. 1(a) provides a
rough estimate of the in-plane lattice parameter of the
film, which is 5.43 ± 0.05 Å. Figure 2 shows an x-ray
diffraction � scan of the (111) peak for the completed
CeO2 film, approximately 400-Å thick. We found that,
similarly to what we observed for YSZ,5 the deposition
of CeO2 on the c(2 × 2)-S template consistently produced
highly textured (200) films, while deposition on a clean
Ni surface always gave rise to (111)-oriented films.

Another oxide that has been used successfully as a
seed layer for high temperature superconductor (HTS)-
based coated conductors is SrTiO3 (STO).8 Although
STO is thermodynamically less stable than bulk NiO, it
can be easily grown on Ni at oxygen pressures as low as
1 × 10−9 torr, in conditions at which surface NiO will not
form. According to the thermodynamics for the bulk
chemical reaction 2Ni + O2 � 2NiO, an oxygen pressure
in the range of 10−9 torr is sufficient to form NiO at a
typical deposition temperature of 600 °C. However, sur-
face contributions to the free energy of formation of NiO
appear to be significant. Our RHEED experiments have
shown that the surface of {100}〈100〉 Ni is in fact stable
in any oxygen partial pressure as high as 5 × 10−7 torr at
a temperature of 600 °C. The ease of growth of STO on
Ni can be attributed in part to the stability of the STO
crystal structure in presence of oxygen vacancies.9

Similarly to CeO2 and YSZ, STO grows epitaxially on
{100}〈100〉 Ni only when the c(2 × 2)-S superstructure
is present on the Ni substrate prior to deposition.
Figure 3(a) shows the RHEED pattern for a (200) epi-
taxial STO film grown on the textured Ni substrate. The
electron beam is directed along the 〈100〉 direction, and
the epitaxial relationship between STO and Ni is cube on
cube. The corresponding STO (111) pole figure is shown

FIG. 1. RHEED pattern obtained at 600 °C during the nucleation of a
CeO2 seed layer on a biaxially textured Ni substrate with a c(2 × 2)-S
surface structure. (a) The electron beam is directed along the Ni 〈100〉
and the spacing indicated by the arrows corresponds to the interatomic
distance aCeO2

√2/2. (b) Substrate RHEED pattern showing the extra
reflections indicating the sulfur c(2 × 2) superstructure.

FIG. 2. X-ray diffraction � scan of the (111) peak for a CeO2 seed layer
deposited on the c(2 × 2) sulfur template chemisorbed on {100}〈100〉 Ni.
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in Fig. 3(b). The STO films were grown at a substrate tem-
perature of 700 °C. The oxygen pressure was kept in the
range 1 × 10−9–1 × 10−8 torr during the deposition of a
20 –100 Å-thick nucleation layer and then increased to
a value of about 1.0 × 10−5 torr. On a clean (1 × 1) Ni surface,
the STO seed layer grows multidomain, with the cube axis
remaining parallel to the substrate normal, but with two
additional in-plane orientations besides the one with STO
〈100〉 // Ni 〈100〉, as shown by the (111) pole figure in Fig. 4.

It is evident that the c(2 × 2)-S superstructure plays a
very important role in the nucleation of an oxide buffer
layer on Ni. The physical and chemical properties of a
metal surface and their modifications due to chemisorp-
tion are certainly very complex. Even more complex are
the processes involved in the epitaxial growth of oxides
on such surfaces. We proposed that the role played by the
S superstructure can be partially explained on the basis of
structural and chemical considerations. The S layer be-
haves like a template that well matches and mimics the
arrangement of the oxygen atoms in particular (001) sub-
lattice planes of YSZ, CeO2, or STO, as shown in Fig. 5.
Sulfur belongs to the VI group and is chemically very
similar to oxygen, often exhibiting the same electronic
valence. Therefore, it is plausible that during the seed
layer deposition the cations easily bond to the S atoms
already present on the substrate surface, giving rise to the
(001) expitaxial growth of the film, which otherwise
would not take place.

Such structural argument for the effect of the S tem-
plate on seed layer nucleation is supported by the obser-
vation that other oxides with crystal structures very similar
to perovskites and fluorites, like LaMnO3, and Gd2O3 or
Y2O3 also grow epitaxially on {100}〈100〉 Ni only in pres-
ence of an intervening c(2 × 2)-S superstructure.10

Ironically, the desired structural and chemical proper-
ties of RABiT substrates made in the past few years can
be attributed, partially, to the involuntary presence of a
sufficient S content in the rolled Ni metal.

In cases for which the bulk S content of particular
batches of Ni was much lower than 30 wt ppm, the seed
layer deposition process produced films with degraded
texture or even partially (111) orientation. In those cases,
as a recent Auger electron spectroscopy (AES) analysis
revealed,4 S was depleted in the near-surface layer during

FIG. 3. (a) RHEED pattern of an STO film grown epitaxially on a
{100} 〈100〉 Ni substrate showing the c(2 × 2) sulfur superstructure. (b)
Corresponding (111) logarithmic pole figure of the STO film indicat-
ing cube on cube epitaxial relationship with the Ni substrate.

FIG. 4. Pole figure of the (111) reflection in logarithmic scale for an
STO film grown on a clean (1 × 1)-textured Ni surface. Besides the
cube-texture peaks, reflections from two additional crystal domains are
present.

FIG. 5. Schematic model for the nucleation of CeO2 (or YSZ) and
STO on a (001) Ni surface with chemisorbed c(2 × 2) sulfur super-
structure. The dashed lines indicate correspondence between oxygen
sites in (001) planes of the seed layer and sulfur sites on the Ni surface.
The seed layer cations impinging on the Ni surface bond easily to the
sulfur atoms present on the metal surface, promoting the (001) orien-
tation of the growing film. In the STO case, there is a 1:1 correspon-
dence between oxygen atoms in the SrO plane and sulfur atoms on the
Ni surface. Therefore, it is plausible that Ti ions initially bond to the
S surface atoms to form the first TiO2 plane of the STO structure. In
the CeO2 case, two of four oxygen ions/unit cell match the sulfur
atoms of the c(2 × 2). During nucleation of CeO2, oxygen atoms may
fill in the empty fourfold Ni hollows and the Ce cations subsequently
bond to the template formed by S and O.
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a high-temperature anneal (approximately 1100 °C). This
may be the result of the formation and subsequent de-
sorption of SO2 in the presence of a sufficient partial
pressure of oxygen. Sulfur depletion impeded formation
of a continuous c(2 × 2) layer across the entire Ni sur-
faces, drastically modifying the oxide film nucleation.

III. QUANTIFICATION AND CONTROL OF
THE S-SUPERSTRUCTURE

The above-mentioned considerations illustrate a con-
nection between the quality of the seed layer texture and
the degree of coverage of the c(2 × 2) superstructure on
Ni. To investigate this aspect, we conducted combined
AES and RHEED experiments aimed at quantifying the
coverage of the c(2 × 2) structure on different Ni
samples. During Auger spectroscopy experiments, de-
pending on the material under test and the beam energy,
Auger electrons escape and are detected from a layer
5–10-Å deep below the atomistic surface. Therefore, the
S concentration as deduced from AES can differ from
the actual atomic concentration of the top monolayer
of the surface (i) because of the uncertainty related to the
measurement itself and (ii) because, after segregation, S
could exhibit a concentration gradient in the layer meas-
ured by the Auger technique. We solved this problem by
comparing the AES results obtained on typical samples
with those obtained on initially superstructure-free
samples on which the c(2 × 2) was intentionally grown
through S adsorption. In these experiments, a clean Ni
surface was first produced by depositing a Ni layer in situ
or selected among Ni tapes that had shown very low
surface S content after the high temperature texturing
anneal. Subsequently, a small amount of H2S with a par-
tial pressure of 5 × 10−7–1 × 10−6 torr was introduced in
the vacuum chamber at a substrate temperature of
700–800 °C for few minutes and then pumped away. As
known from several surface studies, the H2S molecules
dissociate at the Ni surface and S atoms chemisorb form-
ing a c(2 × 2) superstructure with a coverage that satu-
rates at 0.5 ML, corresponding to one complete atomic
layer of the c(2 × 2)-S.11–13

Exposures to H2S as low as a few L [1 L (langmuir) ≡
10−6 torr s] produced very strong c(2 × 2) reflections in
the RHEED patterns as shown in Fig. 6(a). The sulfur
superstructure was stable at 800 °C after the H2S was
removed. CeO2 and YSZ seed layers deposited in situ
after S adsorption were highly oriented with a percentage
of cube texture very close to 100%, as indicated by the
(111) pole figure of Fig. 6(b). Longer exposure of the Ni
surface to H2S (�1800 L) did not produce any degrada-
tion of the RHEED pattern that could be attributed to
adsorption of surface S in excess of 0.5 ML14 or forma-
tion of a Ni sulfide phase. The as-grown superstructure
was found to be stable also after exposure to air at room

temperature and consequent reheating of the sample in
vacuum, which reproduced the same initial RHEED pat-
tern. AES experiments performed in situ after S adsorp-
tion yielded a sulfur signal of about 25% at saturation.4

The same value was obtained on samples where the
c(2 × 2)-S had formed consequent to segregation and
showed RHEED patterns identical to the ones acquired in
the S adsorption experiments. From these observations
we associated an AES value of approximately 25% to a
full layer of c(2 × 2)-S on the Ni surface. Consequently,
we were able to quantify the S surface content in cases in
which the superstructure did not cover the entire Ni sur-
face and the c(2 × 2) reflections in the RHEED pattern
were less intense than in fully covered samples.

Figure 7 shows a comparison of � scans of the (111)
peak for three different STO films grown on Ni samples
showing (i) a complete c(2 × 2) layer, (ii) 40% of the full
c(2 × 2) coverage, and (iii) no superstructure, respec-
tively. We notice that an incomplete c(2 × 2) coverage is
not sufficient to obtain a full cube texture of the seed
layer, and in the case of 40% coverage, additional peaks
indicating crystal domains grown with orientations other
than cube on cube are still present in the � scan. Figure 8
shows a similar comparison for two CeO2 films depos-
ited on two different Ni samples cut from the same tape
but subjected to two different texturing anneals. In the

FIG. 6. (a) RHEED pattern showing strong c(2 × 2) reflections ob-
tained after exposing a clean {100} 〈100〉 Ni surface to few L of H2S
at 800 °C. (b) Logarithmic (111) pole figure of a YSZ seed layer
grown in situ on the c(2 × 2)-S shown in (a). For this sample the x-ray
background signal was eliminated by subtracting a second pole figure
obtained after changing the Bragg angle by 1°. The calculated per-
centage of cube texture for this film was 99.96%.
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first case the sample was annealed in high vacuum at
1100 °C for 2 h and exhibited a complete S superstruc-
ture. In the second case the anneal was much longer
(15 h) and caused partial evaporation of the surface S
resulting in a weaker c(2 × 2) superstructure with about
70% coverage (see insets of Fig. 7). In both bases the Ni
substrate showed a full width half-maximum (FWHM) of
the (111) peak of 8.2° ± 0.4°. The CeO2 films were cube
textured and showed single (002) orientation on both
the Ni substrates. However, it is evident that the degree
of grain alignment for the CeO2 films correlates with the
coverage of the c(2 × 2) superstructure on the substrate,
and the incomplete S template results in a broadening of
the seed layer texture. We found that the texture of the
seed layer replicates that of the substrate only when
the c(2 × 2) has a full 0.5 ML coverage.

A sharpening in the cube texture of the seed layer
corresponds to an enhancement in Jc of the YBCO film
subsequently deposited on the completed (seed plus
buffer layer) RABiT substrate. This relation is illustrated
in Fig. 9, which plots the critical current density of four
YBCO/CeO2/YSZ/CeO2/Ni samples versus the S surface
content of the Ni substrate prior seed layer deposition. In
this experiment, the different S coverage was obtained by

selecting a 1-m-long textured Ni tape showing only 40%
of the S coverage corresponding to a full monolayer of
c(2 × 2) and exposing it to H2S in a subsequent anneal.
In this case the texturing anneal, sulfurization, and seed
layer (CeO2) deposition were carried out in situ and con-
tinuously, in a reel-to-reel vacuum system equipped with
an Auger spectrometer. The H2S partial pressure was
varied during the sulfurization treatment so that a differ-
ent portion of the tape would show different S surface
coverage at the end of the process. After deposition, four
sections of the tape corresponding to four different
S surface concentrations were cut, and YBCO was de-
posited on them by PLD.4

Sulfur adsorption experiments provide a method for
quantifying the S coverage on the Ni surface after the
texturing anneal. But, more importantly, H2S exposure
provides a rapid and efficient way to obtain a full cov-
erage of the c(2 × 2)-S on textured Ni and, consequently,
optimize the seed layer texture without being restricted
by the amount of S actually present in the bulk and the
slow, less efficient segregation process. H2S exposure
has been successfully introduced in a continuous proc-
ess for texturing and CeO2 coating of 1-m-long Ni tapes,
yielding highly oriented and reproducible long lengths
of RABiTS.4 YBCO films deposited on short sections
of these RABiTS tapes by PLD and the ex situ BaF2

method15 have consistently shown critical currents larger
than 1 MA/cm2.

In conclusion, we showed that the c(2 × 2)-S super-
structure present on {100}〈100〉 Ni acts as a template
that enables the epitaxial growth of oxide seed layers on
the metal and that a complete coverage of this chemically
stable layer is necessary to replicate the substrate tex-
ture in the buffer layer. Annealing the Ni substrate at
800 °C in the presence of a small amount of H2S is
sufficient to produce a stable c(2 × 2)-S with a coverage
of 0.5 ML. This simple step allows creating a complete S
template independently of the coverage obtained through
segregation. Implementing this step in a continuous
RABiTS fabrication process allows the initial Ni textur-
ing anneal to be carried out at conditions that yield the

FIG. 7. Comparison between � scans of the (111) peak for three
different STO films grown on {100} 〈100〉 Ni substrates having dif-
ferent sulfur coverage: 100% of a c(2 × 2) layer (or � � 0.5), top;
40%, middle; 0%, bottom.

FIG. 8. � scans of the (111) reflection of a CeO2 seed layer grown on
a Ni substrate annealed for 2 h (black line) and on a Ni substrate
annealed for 15 h (gray line).

FIG. 9. Critical current density versus initial substrate S concentration
for four YBCO/CeO2/YSZ/CeO2/Ni RABiTS samples.
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best texture (and often involve high temperatures and
consequent S evaporation) without being limited by the
S segregation process.
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