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INTERFACIAL REACTION OF CeO, FILMS WITH TEXTURED
Ni-ALLOY SUBSTRATES
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Abstract. CeO, films were deposited on biaxially textured tapes of Ni-W and Ni-Cr-W alloys using
MOCVD at 550°C and subsequently treated in post-deposition annealing at 1000 °C and reducing
atmosphere. Upon annealing of the films on the Ni-W alloy substrate, cube texture in the CeO, films
was formed, and the oxide had an epitaxial interface with the Ni-W alloy substrate as shown by high
resolution transmission electron microscopy. Similar annealing of the CeO, films on the Ni-Cr-W
alloy substrate resulted in interaction of the oxide layer with the metal substrate leading to the for-
mation of epitaxial NiO interlayer at the CeO,/Ni-Cr-W interface.

Keywords: alloys, oxides, thin films, interfaces, chemical vapor deposition (CVD), epitaxial growth,
annealing, electron microscopy, recrystallization, phase equilibria.

INTRODUCTION

Oxide films deposited onto textured metal sub-
strates find application in the technology of high tem-
perature superconducting (HTS) tapes based on
RBa,Cu;0-, superconductors (R —rare earth element).
The crucial requirement to making HTS materials with
high critical current is to ensure oriented growth of
HTS films, where all grains of the superconductor
layer are crystallographically aligned with each other
[1]. One of the most promising approaches to HTS tape
fabrication is the RABITS technology (Rolling Assist-
ed Biaxially Textured Substrates) [2]. Typically, epi-
taxial oxide buffer layers are deposited onto a metal
substrate with {100} <010> biaxial texture, followed
by the deposition of an epitaxial RBa,Cu;0,, (RBCO)
superconducting layer. This approach has been adopt-
ed by American Superconductor Corporation for in-
dustrial production of HTS tapes [3].

Metal substrates made of non-magnetic alloys are
of great interest because they allow avoiding hysteretic
losses in AC applications of HTS tapes [4]. The Niys W
alloy, which is most widely used for RABiTS, has the
Curie temperature (Tc) of 320 K [5], while in Ni-Cr
alloys T could be reduced to 0 K and cube annealing
texture can still be achieved [6]. Recently, there has
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been certain success in preparing Ni-W alloy biaxial-
ly textured tapes with W content up to 9 at.% [7] with
a T. near 77 K, which is the highest temperature for
practical applications of HTS tapes [8].

Ternary Ni-Cr-W alloys can be used for making
non-magnetic substrates, since they combine several
advantages such as sharp cubic annealing texture,
mechanical strength and low T [9, 10]. However, one
should take into account that Cr,0; is stable at a much
lower p (O,) than WO; or NiO [11], so Cr-containing
substrates get oxidized much easier at early stages of
film growth than the pure Ni or conventional NiysW
substrates. This significantly limits suitable deposition
conditions for oxide film growth on the Cr-containing
metal alloy substrates.

Among many possible buffer layer materials, CeO,
provides good crystal lattice match with the YBa,Cu,0,
superconductor [3]. There are considerations that
crack-free CeO, layers with a thickness over 100 nm
can serve as a single buffer layer, thus significantly
simplifying the RABITS technology, where three or
more buffer layers are typically used [12, 13]. Epitax-
ial CeQO, films on Ni-alloy textured substrates have
been obtained by various techniques, such as thermal
evaporation [12], magnetron reactive sputtering [14],
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laser ablation [15], and solution deposition [13, 16]. It
has been shown that c(2x2) surface superstructure
consisting of sulfur atoms on top of the (001) Ni plane
is important for the oxide epitaxial growth [15]. Some
approaches include high temperature annealing of
non-oriented or partially oriented as-deposited CeO,
films in the presence of O, or H,O vapor in order to
develop sharp cube texture. Among these are in-situ
post-annealing texturing (IPAT) [17], electrodeposition
[18] and solution deposition techniques [13, 16].

Metal-organic chemical vapor deposition
(MOCVD) is a suitable technique for the deposition
of continuous CeO, layers onto Ni-alloy long tapes
[19], the commonly used precursor being Ce(tmhd) ,
(tmhd = [(CH;) ;C—CO-CH-CO-C (CH,) 5] ). Epitax-
ial CeQ, films on YSZ single crystal substrates have
been grown by MOCVD using various other precursors
[20], however, the growth rate in that case did not
exceed 60 nm/hour. Some promising results were
shown recently [21] in high growth rate laser assisted
MOCVD of CeO, on sapphire substrates. Experiments
on CeO, deposition onto single crystal substrates STO
and YSZ showed that the increase of substrate temper-
ature and p (O,) during the deposition helps the forma-
tion of a sharp (100) out-of-plane texture [22]. At the
same time, in ref. [23] authors described the optimiza-
tion of substrate temperature (462 °C) and p (O,)
(~2.1 mbar) for the deposition of {100} <011> oriented
CeO0, layers onto a Ni textured substrate, but the result-
ing layer texture was not sharp enough. Sharp cube
textured CeQ, layers on Ni and Ni-alloy substrates were
obtained using either deposition temperature above
800°C [19] or p (O,) above 3 mbar [24, 25]. Such con-
ditions are not suitable for the deposition onto Cr-con-
taining alloy substrates prone to surface oxidation.

In this work we obtained CeO, films using
low-temperature MOCVD on the NigsW, and
Nig (Cr,y, W, , biaxially textured alloy substrates, and
studied the processes taking place in the films during
post-deposition annealing.

EXPERIMENTAL

We used Ni,s W biaxially textured substrates pro-
duced by Plansee GmbH (Germany) and Nigg (Cry, W, 4
biaxially textured substrates produced by SuperOx
(Russia). The MOCVD growth of CeO, films was
conducted in a laboratory scale deposition system with
a hot wall reactor (Fig. 1). Ce(tmhd), was used as
precursor, and its vapors were supplied into the reactor
using a continuous feeding and evaporation system.
The deposition system had the reel-to-reel tape trans-
port capability, allowing the deposition of films onto
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Fig. 1. MOCVD system used for the deposition of CeO,
films: 1 — reels with metal alloy substrate tape; 2 —substrate
tape; 3 — reactor furnace; 4 — precursor feeding system

moving tape. Typically we used 5 cm long pieces of
substrate tapes, which were spot-weld spliced into reels
of long transport tape. The deposition was carried out
at 550 °C, in the atmosphere of Ar + 10% H, at a total
pressure of 15 mbar. Water vapor was injected into the
reactor to facilitate the precursor hydrolysis; the water
vapor pressure was maintained at around 0.5 mbar.
After the deposition, the films were annealed at 1000 °C
in the Ar + 10% H, atmosphere at 5 mbar for 1 hour.

Film texture was characterized using X-ray dif-
fraction (XRD) #-26 scans and pole figures recorded
with Rigaku SmartLab diffractometer, using Cu K,
A=0.154 nm. Electron backscatter diffraction (EBSD)
for orientation mapping was performed using JSM
840A Jeol scanning electron microscope with EBSD
Channel 5 analyzer (HKL Technology). Transmission
electron microscopy (TEM) studies including high
resolution transmission electron microscopy (HRTEM)
were also performed. Cross sectioned samples for TEM
were prepared in the conventional way by the mechan-
ical thinning and ion milling procedure. The samples
were observed using Jeol 2200FS high resolution
transmission electron microscope equipped with field
emission gun operated at 200 kV. Images were taken
in the bright field and dark field TEM modes, as well
as in the HRTEM mode. Image processing, including
Fourier transforms, was performed using Digital Mi-
crograph software.

RESULTS

X-ray diffraction
Pole figures of the Ni-alloy substrates are shown
in Fig. 2; they evidence sharp biaxial {100} <010>
texture for both NiysWs and Nig, (Cr,, W, , substrates.
0-20 XRD patterns of as-deposited CeO, films on
both substrates show mixed orientation, containing
mainly (100) and (111) components, with small part
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Rolling direction
T

Rolling direction

Fig. 2. (111) pole figures of Nigs W (a) and Nig (Cry, W, ,
(b) alloy substrates

of (110) and (311) orientations (Fig. 3a, b) [26]. After
additional annealing at 1000 °C, pure (100) texture was
formed in the film on the Ni,sW; substrate (Fig. 3c),
obviously due to the recrystallization of CeO,. The
out-of-plane misorientation was 9.0° in the rolling
direction and 14.0° in the transversal direction, accord-
ing to the rocking curves of the CeO, (200) plane; the
in plane misorientation was 9.9° and 13.2°, respective-
ly, according to the p-scan of the CeO, (111) plane.
XRD patterns of the films on the Nig (Cr,, W, , sub-
strate after annealing (Fig. 3d) were taken without
monochromator for higher X-ray intensity. The patterns
contained substrate peaks: Ni (200) peak, its satellites
due to Cu K, and W L, radiation of the X-ray source,
and Ni (111) peak; CeO, peaks corresponding to the
(200), (111), (220), and (311) planes; CeCrO, peaks
corresponding to the (100), (110), (111), (200), and
(211) planes [27]; peaks corresponding to the WO,
(011) plane [28] and hexagonal modification of WO,

Fig. 3. 6-20 XRD patterns of CeO, films: a) on Niys Wy

substrate and b) on Nig Cr,,W,, substrate right after the

deposition; €) on NiysWy substrate and d) on Nig (Cr,, W, ,
substrate after post-deposition annealing at 1000 °C
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(200) [29]; as well as two weak peaks corresponding
to the NiO (111) and (200) planes [30].

EBSD and TEM of CeO, / Ni,,W, films

According to EBSD data, after annealing at
1000 °C the CeO, layer on the Ni,sW; substrate con-
tained over 97 % of cube textured grains with {100}
<011> orientation relative to the substrate. As it can
be seen from the orientation map in Fig. 4 a, the CeO,
layer consisted of 10—20 pum orientation domains that
matched the size and shape of the substrate grains
(Fig. 4b), indicating that the CeO, domains inherit

Fig. 4. a) EBSD orientation map of a cube-textured CeO,

film on the Ni,sW; substrate; image edge is parallel to the

tape rolling direction. Misorientation relative to the (001)

[110] direction is shown. b) SEM picture of the surface of
the Niys W cube-textured substrate.

the orientation of the underlying substrate grains. In
dark-field TEM images (Fig. 5) a 100 nm thick CeO,
layer with no sharp grain boundaries could be seen
(Fig. 5), suggesting that the orientation domains had
no coarse grain structure. However, we observed some
contrast variations in the TEM image as well as on the
orientation map, which we attributed to the fine grain
structure of the orientation domains, where each do-
main was composed of many crystallites separated by
low-angle boundaries.

200 nm

NigsW5 substrate

Fig. 5. TEM dark field cross-section image of a CeO, film
on the Nigs W5 substrate.

CeO0, and Ni,s W, formed a sharp and clear semi-co-

herent interface with no signs of interaction (Fig. 6a).
Fast Fourier transform (FFT) from the substrate area
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represented an fcc lattice with the [100] zone axis
(Fig. 6b), while the FFT from the film area correspond-
ed to an fcc lattice with the [110] zone axis (Fig. 6C);
it was the evidence for the CeO, {100} <011>|| {100}
<010> Ni epitaxial relations.

(200)
(110)
Substrate

5 nm
d=0,187 nm

Fig. 6. a) HRTEM image of the CeO,/Niy,sW; interface,
b) substrate area FFT, c) film area FFT

TEM of CeOyNig, Cr, W, , films

TEM image of the CeO, film on the Nig Cry,W,,
substrate after annealing at 1000 °C (Fig. 7) showed a strong
contrast heterogeneity caused by phase heterogeneity.

Nigg 4Crg ,W, , substrate

50 nm

Fig. 7. TEM bright field image of the CeO,/Nig ,Cry, W, ,
interface

The electron diffraction pattern of the interface
area (Fig. 8) contained two sets of reflections corre-

sponding to two co-oriented fcc lattices. One set of

reflections corresponded to the Nig (Cr, ,W, , alloy with
a calculated lattice parameter of 0.348 nm. The other
set had a lattice parameter of 0.418 nm and was as-
cribed to NiO, and the following epitaxial relations
were established: NiO {100} <010>|| {100} <010> Ni.
The NiO reflections were slightly elongated in the
tangential direction, revealing certain level of misalign-
ment of the epitaxial NiO grains. The ring of reflections
corresponding to the CeO, {111} diffracting planes
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(with a calculated interplanar distance of 0.315 nm),
which could also be seen on the diffraction pattern,
was induced by the randomly oriented CeO, layer.
Several reflections marked in Fig. 8 with small circles
originated due to double diffraction from the
Nig (Cry, W, , and NiO lattices. It could be seen from
the dark-field images (Fig. 8) that the NiO layer was
located between the substrate and the CeO, layer. The
diffraction pattern taken from the bulk of the film also
demonstrated spots, which we identified as non-ori-
ented polycrystalline CeO, and CeCrO;.

NiCrW substrate 100 nm

Fig. 8. Electron diffraction from the CeO,/Nig,Cry,W,,
interface. Dashed circle marks the reflections of non-orient-
ed CeO,. Marked with small circles are reflections due to
double diffraction. Dark-field images of the substrate, CeO,
film, and NiO interlayer are presented on the right

NiCrW (200)

NiO (200)

NiCrW (200)
3 NiO (200)

*

i

Substrate (111

Fig. 9. HRTEM image of the CeO,/Nig ,Cry, W, ,
interface (left) and FFT’s of different regions (right)
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We measured a number of interplanar distances on
HRTEM images (Fig. 9), which corresponded to
Nig (Cry, W, , (200), NiO (200), CeO, (111), CeO,
(200), and CeO, (220). HRTEM results confirmed that
the NiO layer grew epitaxially on the Nig Cry,W,,
substrate and separated it from the CeO, buffer layer.

DISCUSSION

The crystal lattice misfit values for the growth of
CeO, on the NigsW; and Nig (Cr,, W, , substrates are
7.8% and 7.9 %, respectively. Despite this relatively
large mismatch, heteroepitaxial recrystallization took
place in CeO, on Ni,W; after annealing at 1000 °C,
whereby CeO, acquired epitaxial orientation, as proved
by XRD and TEM. Analogous epitaxial recrystalliza-
tion of CeO, upon post-deposition high temperature
annealing had been demonstrated earlier for CeO, films
on single-crystal R-cut AL,O; substrates [31]. At the
same time, when we annealed CeO, films on the
Nig ,Cr,, W, , substrates in reducing atmosphere (Ar +
10% H,), substrate oxidation took place leading to the
formation of the NiO reaction layer while the CeO,
layer remained poorly oriented.

The formation of the NiO layer at the interface of
CeO, and Ni-alloy has been described in the literature
for laser deposited films [32, 33]. The authors in ref.
[32] used the Ni-Cr-W and Ni-Fe alloys as substrate
materials, and determined the NiO layer on the Ni-
Cr-W substrate by analyzing FIB images, although no
NiO diffraction peaks were revealed by XRD. Pure Ni
substrate was used in ref. [33]; the authors showed by
TEM that the NiO layer inherited the substrate texture.
The authors of both papers concluded that NiO formed
not during the deposition of the CeO, layer itself, but
during the deposition of subsequent layers, which was
carried out under oxidizing conditions. Oxygen could
reach the metal substrate by either solid state diffusion
through the CeQ, layer due to the high oxygen diffu-
sivity of CeO, [34], or gas diffusion through microc-
racks in the CeQ, layer. In ref. [35] the authors report-
ed the formation of NiO and NiWO, at the interface
between the textured Ni-W alloy substrate and the Y, O,
buffer layer. The authors suggested substrate oxidation
during the YBCO layer processing under oxidizing
conditions to be the most likely cause of that behavior.

In this work we performed the CeO, deposition on
the Ni-W and Ni-Cr-W alloy substrates and the
post-deposition film annealing under strongly reducing
conditions. We found no traces of the Ni,s W, substrate
oxidation, while the oxides of all metal substrate com-
ponents were found when CeO, on the Nig ,Cry,W,,
substrate was annealed. The key difference between
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the two substrates is the presence of Cr in the Ni-Cr-W
alloy, whereas Cr forms an oxide at a much lower p(O,)
than Ni and W (Table 1).

Table 1. Equilibrium oxygen pressure for metal oxide

formation. Cr and W are considered as parts of alloys.

The equilibrium oxygen pressure of oxygen-deficient
cerium dioxide is provided as well

Equilibrium 5 52(1;0 c |10 (? (; oc Reference
Ni/NiO p(0,) (bar) | 4107 410" [11]

NE@SS‘){E;? 110 | 3107 [11]
Ni%WS@)’Z 83 PO | 4102 | 510" | [29]

The oxidation of the Ni-Cr-W substrate could occur
for any or all of the three following reasons: (1) oxygen
ion diffusion through the CeO, layer, or (2) oxygen gas
diffusion through microcracks in the CeO, layer, or (3)
direct reaction of Nig (Cr,, W, , with CeO, during the
annealing of the deposited layer at 1000 °C. The p(O,)
generated during partial dissociation of CeO, is enough
to oxidize chromium. The fact that no Cr,0, was found
in the oxidized metal substrate is in accordance with
findings of Leonov et al. [37] that CeO, and Cr,0,
under reducing atmosphere react to form the CeCrO,
perovskite. Indeed, using XRD we detected CeCrO; as
the main substrate oxidation product in the CeO, /
Nig (Cry,W, , samples annealed at 1000 °C.

Besides the CeCrO, oxide, W and Ni oxides were
also found in the CeO,/Nig Cr,,W,, samples. The
oxygen partial pressure maintained during the sample
annealing was not high enough for a direct oxidation
of Ni or W, which is also supported by the fact, that
no Ni or W oxidation occurred during the CeO,/Niys W
sample annealing. We believe that Cr in the N-Cr-W
alloy acted as a chemical pump, providing additional
oxygen activity to enable the formation of NiO despite
the low oxygen partial pressure annealing atmosphere.
This process takes part at the early stage of low p(O,)
oxidation of Ni-rich alloys containing chromium, and
it has been described in the literature as the Dankov’s
model [38]. Nickel, as the major alloy component
(Cyi >> Cg,, Cy), creates a higher chemical potential
gradient across the thin surface oxide layer (dp,; >
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duc,, duy), which results in Ni being the major species
in the flux of metal atoms diffusing towards the alloy
surface during its oxidation. It should be noted that the
NiO layer grew epitaxially on the metal substrate,
therefore, it must have gained some additional ther-
modynamic stability due to the epitaxial stabilization,
which lowers the p(O,) limit for its equilibrium for-
mation, as it happens, for instance, in RNiO; (R = Pr,
Nd, Sm, and Gd) on perovskite substrates [39]. This
consideration could explain why NiO was located at
the metal-oxide interface.

CONCLUSIONS

We have succeeded in transforming polycrystalline
CeO, films with mixed orientation on textured Ni-alloy
substrates into high-quality epitaxial films using recrys-
tallization annealing at 1000 °C. This approach worked
well on the Ni,s W alloy substrates, where no film-sub-
strate interaction was detected and a perfect {100}
<010> texture developed in the CeO, layer. In the
experiments with the Nig Cr,,W,, alloy substrates,
which contained easily oxidizing Cr, the substrates
were oxidized with the formation of NiO epitaxial
layer at the interface and CeCrO; as the main film-sub-
strate interaction product.
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