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We analyzed the crystallographic c-axis tilt of (001) Y2O3 films grown on biaxially
textured Ni–5%W tapes under different oxygen flux conditions. Results show that
different tilting mechanisms were effective in films with different oxygen stoichiometry.
Moreover, the structure of the film/substrate interface investigated by transmission
electron microscopy, and the residual strain of the film investigated by x-ray diffraction
were also dependent on the film oxygen content. Although the oxygen stoichiometric
Y2O3 sample exhibited a coherent film/substrate interface and the sharpest out-of-plane
texture, the films grown under reduced oxygen pressure exhibited a smaller overall c-axis
tilt due to formation of interface dislocations and regions in which the film oxygen
vacancies ordered to form a lattice superstructure.

I. INTRODUCTION

Oxygen deficiency and oxygen vacancies can
greatly affect the structural, electronic, and mechanical
properties of metal oxides, whether they are used in
metal-oxide semiconductor heterostructures, optical
applications, corrosion protection, or as buffer layers in
high-temperature superconducting (HTS) tapes. One of
the key consequences of oxygen substoichiometry for
oxide buffer layers in HTS tapes is increased oxygen
and metal ion diffusivity, which weakens the functional-
ity of buffers as diffusion barriers.1 In this work, we
explore how oxygen deficiency during the buffer (seed)
layer deposition also affects the epitaxial relationship
between the oxide film and substrate, the mosaic spread
of the film c axis, and the residual strain of the film.
These variables are of great importance because they
determine the texture of subsequent buffer layers and
superconducting film, which in turn is strongly related
to the superconducting critical current density (Jc) of the
HTS tape.2

II. EXPERIMENTAL RESULTS

The system investigated here is a biaxially textured
{100}h100i Ni–5%W alloy substrate tape on which a

75-nm-thick Y2O3 film is grown by reactive sputtering
from an yttrium metal target. The deposition takes place
in a continuous fashion, as the substrate tape is trans-
ported into the deposition chamber at one extremity and
exits the chamber out the other extremity by means of a
reel-to-reel setup. This deposition technique was per-
fected over the past few years by American Supercon-
ducting Corporation (AMSC) and is routinely used to
fabricate highly textured HTS tapes with structural and
superconducting properties comparable or superior to
those found in small tapes fabricated by stationary depo-
sition methods. Details of the deposition process and
superconducting properties of the tape are reported else-
where.1 The average grain size of the metal substrate is
about 50 mm. The out-of-plane and in-plane texture of
the substrate results in full width half-maximum
(FWHM) values of 6� and 7� for the x-ray diffraction
(XRD) o-scan of the (002) peak and the f-scan of the
(111) peak, respectively (Table I).
When the Y2O3 seed layer deposition takes place un-

der optimal oxygen flux, the Y2O3 film displays a great-
ly improved out-of-plane texture as compared to the
substrate texture. The FWHM for the Y2O3 (004) o-scan
becomes more than 3� smaller than the substrate’s
FWHM for a scan performed in the rolling direction
(f = 0), and nearly 7� smaller than the substrate’s
FWHM along the transverse direction (f = 90�). Opti-
mally grown samples show Do = 2.8�; Df = 4.8� for
Y2O3 and Do = 2.4�; Df = 5.1� for the superconductor.
Despite the fact that this mosaic spread exceeds that
found in commercial single crystals, the Jc of these tapes,
which ranges between 4.8 and 5.0 MA/cm2 at 77 K
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in zero applied field, approaches the highest values
reported for single crystal substrates.

On the other hand, nonadequate oxygen supply during
deposition results in Y2O3 films that show little or no
improvement in their texture as compared to the sub-
strate texture. Figure 1 shows the different rocking
curves of the Y2O3 (004) peak obtained for a set of three
samples discussed in this work. To explain the results we
need to understand first how sharpening of the out-of-
plane texture can occur during epitaxial deposition of the
Y2O3 film on the NiW substrate, and second, why the
oxygen content of the film affects the texture improve-
ment mechanism.

III. MECHANISMS OF TILTED EPITAXY

Changes in the out-of-plane texture of the Y2O3 seed
can be explained on the basis of crystallographic tilt-
ing of epitaxial films, which is a phenomenon known
since the beginning of semiconductor heteroepitaxy,3–5

although its microstructural origins remain poorly under-
stood, especially for large-misfit systems such as ours.
The origin of such tilt is attributed to two general types
of microstructural mechanisms: step-mismatch mecha-
nisms, and biased dislocation mechanisms. The first
mechanism is active on vicinal surfaces for conditions
of high surface mobility and at earlier stages of deposi-
tion, when the growth is pseudomorphic and strain ener-
gy accumulates in the film. In this system, as proposed
originally by Nagai,4 the lattice spacing of the film in the
growth direction relaxes from the value ds (lattice
spacing of the substrate) to the film value df over the
length of a step terrace, introducing a tilt given by

Dc ¼ tan�1 ds � df
ds

tanc
� �

;

where c is the miscut or vicinal angle. In this model
the tilt will be away from the surface normal in the
case df > ds and toward the surface normal if df < ds.
A schematic of this mechanism is illustrated in Fig. 2(a).
With layer spacings ds(002) = 1.76 Å for Ni and
df(008) = 1.32 Å for Y2O3, a sharpening of Dc � 0.25�
c is predicted for small c.

At some critical thickness, misfit dislocations are
introduced to relieve the mismatch strain. At this point,
the second type of crystallographic tilt mechanism is
activated if particular types of dislocations with a net
out-of-plane component of the Burgers vector are prefer-
entially inserted. Misfit dislocations with a component
b⊥ of the Burgers vector normal to the interface can in
fact induce tilting, as shown in the schematic of Fig. 2(b).
This dislocation-mediated tilting mechanism can occur
after a first stage of strained epitaxial growth or immedi-
ately after nucleation in large misfit systems for which
layer-by-layer growth does not take place. As shown by

FIG. 1. Rocking curves of the (004) Y2O3 peak for the samples

discussed in the text. The curves were acquired mounting the samples

with f = 0� (rolling direction) and f = 90� (transverse direction).

FIG. 2. Schematic of the two crystallographic tilting mechanisms

discussed in the text: (a) step mismatch mechanism and (b) biased

dislocations mechanism.

TABLE I. Summary of acquired and calculated XRD data on samples

S1, S2, and S3.

Texture S1 S2 S3

FWHM (�) FWHM (�) FWHM (�)
Y2O3(004), f = 90�, axis is TD 3.00 6.72 6.42

Y2O3(004), f = 0�, axis is RD 2.83 4.19 4.19

Ni(002), f = 0�, axis is RD 6.27 5.88 6.12

Ni(002), f = 90�, axis is TD 9.92 10.15 10.13

Ni(111) f = 45� 7.43 7.28 7.07

Ni(100) in-plane 4.56 4.31 3.87

Y2O3(222), f = 0� 5.79 6.90 7.10

Y2O3(222), f = 90� 5.71 5.95 6.00

Y2O3(222), f = 180� 5.98 6.94 6.86

Y2O3(222), f = 270� 5.76 5.62 6.08

Y2O3(100) in-plane 5.43 5.00 5.28

Lattice parameters S1 S2 S3

Y2O3 in-plane lattice

parameter a (Å)

10.569 10.579 10.593

Y2O3 out-of-plane lattice

parameter c (Å)

10.660 10.635 10.621

Average lattice parameter (Å) 10.599 10.598 10.602

Tetragonal distortion c/a �1 0.009 0.005 0.003

Peak FWHM values are found by Gaussian fits to rocking curves and

phi scans. In-plane widths are calculated from measured widths as des-

cribed in Ref. 16. Y2O3 lattice parameters are calculated algebraically

from the averages of four {622} and four {226} Bragg angles, using the

{311} and {113} Bragg angles from a Si(100) wafer (a0 = 5.4308) for

calibration.

RD, rolling direction; TD, transverse direction.
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Olsen and Smith,5 if the linear density of dislocations is
sufficient to relieve the misfit f = (df – ds)/ds, the film tilt
will be Dc = f�b⊥/b//, where b// is the component of the
Burgers vector parallel to the plane of the film. The bias
in the distribution of such dislocations (which determine
the direction of tilt) can be provided, for example, by the
direction of the substrate’s step ledges. The biased dislo-
cation mechanism is also known to allow for larger tilts
than the step-matching mechanism.

For the crystallographic tilt to be effective in sharpen-
ing the film out-of-plane texture, regardless of the active
tilting mechanism, the Y2O3 film regions growing on
each substrate grain need to tilt all toward the same direc-
tion: that of the sample’s surface normal. In this way the
Y2O3 (001) poles from each substrate’s grain will shift
apart from the corresponding substrate (001) poles and
converge toward a common center, reducing the film
mosaic spread. The larger the Y2O3 tilt toward the surface
normal for each substrate grain, the sharper the resulting
overall out-of-plane texture in the Y2O3 film.

In cases in which the Nagai mechanism provides the
main contribution to the tilt (coherent interface), the
strain induced in the film by pseudomorphic growth on
the vicinal surface of each substrate grain will automati-
cally provide a common tilt toward the surface normal, if
the film interplane spacing is smaller than that of the
substrate. For systems with a large lattice mismatch,
coherent growth might not continue for long or take
place at all, and misfit dislocations appear in the nucle-
ation stage. In this case (incoherent interface), out-of-
plane texture sharpening will occur only if dislocations
with a component of the Burgers vector normal to the
interface form in the growing film, and their biased
distribution is such to generate a tilt toward the surface
normal for film regions within each substrate’s grain. In
particular, Ayers et al.6 have shown that the unequal
distribution of certain misfit dislocations induced by the
substrate miscut generates tilts toward the surface nor-
mal when df > ds, opposite to the tilt direction in pseu-
domorphic systems.

Budai et al.7 have found that the sharpening of the
out-of-plane texture of CeO2 films on biaxially textured
{100}h100i Ni agrees qualitatively with the Nagai tilt
mechanism, which predicts shifting of the CeO2 (001)
poles toward the surface normal because df for CeO2 is
1.36 Å, smaller than ds for Ni (1.76 Å). However, step
matching during pseudomorphic growth is not the only
tilting mechanism observed for films on biaxially tex-
tured Ni or Ni-alloy tapes. It was found that TiN films
(df = 2.12 Å; df > ds) show tilts toward the surface
normal as large as 10�, consistently larger than those
observed in CeO2.

8 As shown by reflection high-energy
electron diffraction (RHEED) and cross-section trans-
mission electron microscopy (TEM), the growth of TiN
on Ni and Ni-alloys is not pseudomorphic and step

matching does not occur. Instead, dislocations form
readily during film nucleation and growth, and a strong
bias in the distribution of dislocation with Burgers vector
normal to the interface is responsible for the large tilts
observed.

IV. RESULTS AND DISCUSSION

To investigate the mechanism responsible for tilting in
Y2O3 films on Ni–W, we selected three Y2O3/Ni–W
samples grown with optimal oxygen partial pressure
(S1), slight oxygen deficiency (S2), and severe oxygen
deficiency (S3), respectively. The oxygen flow at the
substrate during film growth was the only deposition
parameter varied in this experiment. The structure of
the samples was analyzed by XRD using a Rigaku
RU300 Cu rotating-anode source equipped with a curved
graphite monochromator and a Huber four-circle diffrac-
tometer and by high resolution TEM using a Philips
CM200 microscope equipped with field emission gun
and operating at 200 KV. Because the different elastic
properties and ion milling rates of Y2O3 and Ni–W hin-
der conventional TEM sample thinning, TEM samples
were prepared by focused ion beam (FIB) techniques
commercially available.
Table I shows a summary of the XRD measurements

performed on film and corresponding substrate regions
encompassing a statistical number of grains by using an
oscillating sample holder, which allows an effective
beam scanning over an area of a 2 mm � 2 mm incident
beam. We noticed that while the substrate’s texture is
nominally the same for all samples, substantial sharpen-
ing of the out-of-plane texture takes place in the Y2O3

grown at optimal oxygen partial pressure. The residual
compressive strain in the film is the largest for the opti-
mally oxygenated sample and decreases with oxygen
deficiency.
Figure 3 shows the diffraction pattern of the Y2O3/Ni–

W sample with optimal oxygen composition on a single
Ni–W grain and a low magnification high-resolution
TEM (HRTEM) image of the interface. The image
shows that the interface is atomically sharp and essen-
tially planar with some steps present. The diffraction
pattern shows that Y2O3 grew, as expected, with an in-
plane 45� rotation with respect to the Ni cell, i.e., Y2O3

(001) is parallel to Ni (001) and Y2O3 (110) is parallel to
Ni (100). However, a closer look at the Ni (200) and
Y2O3 (440) diffraction spots show that Y2O3 (110) is
not strictly parallel to Ni (100) and the two directions
form, in fact, an angle of �3�. The HRTEM image of the
Y2O3/Ni–W interface (Fig. 4) gives more insight on the
nature of this tilt. In this image, the Y2O3 fringes are
clearly visible, although the quality of the sample does
not allow to clearly resolve the Ni fringes. Nevertheless,
it is easy to see that the interface is coherent, and the
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Ni c axis and the Y2O3 c axis are not parallel but form an
angle of �3�. Moreover, given the orientation of the
vicinal steps indicated in the figure, we conclude that
the Y2O3 c-axis tilts toward the surface normal, as ver-
ified by the XRD measurements. The TEM data strongly
suggest that the Nagai step-matching mechanism is re-
sponsible for the film tilt. Therefore, in this case the
Y2O3 film on Ni–W behaves like the optimal CeO2 films
on Ni of Ref. 7. This is not surprising given the close
similarity between the crystal structure of Y2O3 and
CeO2 and their similar lattice spacing (a/2 = 5.30 Å for
Y2O3; a = 5.41 Å for CeO2). As in CeO2/Ni, the tilt
observed here is larger than what can be calculated using
Eq. (1). Figure 4 suggests a step terrace of 4–5 nm,
which corresponds to a miscut angle of at most 4.5�. If
the step-matching mechanism were the only active
tilt mechanism, it would produce a tilt in the Y2O3 of

only 1�. TEM images suggest that a few misfit disloca-
tions are present above a critical thickness of 10–15 nm
and that some of these dislocations exhibit an out-of-
plane component of the Burgers vector that could
explain the larger tilt observed. However, higher quality
TEM samples are necessary to further investigate this
point. The relatively high strain observed for sample
S1 (Table I) is consistent with the observation of few
(if any) misfit dislocations.

Figure 5 shows two HRTEM images of the interface
in sample S2 with intermediate oxygen deficiency. In
this case the film tilt in the diffraction pattern is hardly
visible, and in agreement with the more modest out-
plane-texture improvement measured by XRD, which
amounts to 1.7� in the rolling direction and 3.4� in the
transverse direction. The HRTEM images show the pres-
ence of dislocations in the Y2O3 film at the nucleation
stage. More precisely, we observed an initial layer with a
critical thickness of about 2–3 nm above which the Y2O3

fringe contrast changes abruptly through introduction of
dislocations. This suggests that film growth proceeded
through two different mechanisms. Initially the film
nucleated exhibiting a large tilt from the substrate’s
planes attributable to step-matching strained epitaxy just

FIG. 3. TEM data for sample S1. (a) Selective area diffraction pattern

showing reflections from the Ni–W substrate and the Y2O3 film. A tilt

of 3� between substrate and film axis is shown. (b) Low-magnification

HRTEM image showing planar substrate/film interface.

FIG. 4. HRTEM image of the interface region in sample S1. The

arrows indicate directions for the surface normal, the substrate c axis,
and the film c axis. The dotted line outlines the direction of the

substrate’s step ledges.

FIG. 5. HRTEM images of the interface between substrate and Y2O3

film in sample S2. (a) The dark periodic contrast is associated with

strain and dislocations in the Y2O3 nucleation layer. The nucleation

layer (1) shows a different c-axis tilt than the remaining film (2).

(b) The arrows represent the two c-axis directions for film (1) and

film (2), and the substrate <001> direction.
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as in the optimally processed sample. However, this type
of growth mechanism did not continue throughout the
thickness and was limited to a very thin layer of �1 nm,
after which unbalanced dislocations having a component
of the Burgers vector normal to the surface formed,
causing the remaining film to tilt back away from the
surface normal and toward the substrate’s c axis. This is
illustrated by the arrows in Fig. 5(b) indicating the [001]
vectors of substrate and film and some of the tilt-produc-
ing dislocations. As a result, the majority of the Y2O3

film shows no dramatic tilt angle between the Ni–W c
axis and Y2O3 c axis. Consequently, the overall Y2O3

film grown over multiple Ni–W grains exhibits little
improvement in the macroscopic out-of-plane texture as
compared to that of the substrate.

As mentioned previously, dislocations with a compo-
nent of b normal to the growth plane are expected to
show a bias that results in film tilts away from the surface
normal in systems with df < ds. However, it is not clear
why such dislocations arise in this case. Although the
CeO2 crystal cell expands when oxygen deficient and
contracts with oxygen uptake from the environment,9,10

early studies have shown that the yttria lattice cell does
not vary in dimensions even when the oxide is greatly
reduced.11–13 Therefore, we cannot attribute the nucle-
ation of dislocations to an increased lattice mismatch
between the Y2O3 processed in low O2 pressure and the
Ni–W as an analogy with the response of CeO2 to oxygen
substoichiometry would suggest. More likely, the intro-
duction of oxygen vacancies in the growing film is
associated with a decrease in the self-energy of this dis-
location type in oxygen deficient yttria, which favors
nucleation. The introduction of dislocations at the Y2O3/
Ni–W interface might also be responsible for a reduction
in the residual strain of this film as compared to the film
grown in optimal oxygen partial pressure. The tetragonal
distortion for Y2O3 in sample S2 was c/a �1 = 0.005
versus a value of 0.009 for sample S1 (see Table I).

We now analyze the effects of oxygen deficiency on
sample S3. As shown in Table I, sample S3 has a texture
similar to sample S2. The Y2O3 film shows a sharpening
in the out-of-plane but not as dramatic as in sample S1.
The improvement for Do in the Y2O3 film compared to
the Ni–W substrate is 1.9� in the rolling direction and
3.7� in the transverse direction. However, the TEM data
show a completely different film structure than that ob-
served in samples S2 and S1. The Y2O3 lattice exhibits a
superstructure in several regions starting at the interface.
Figure 6(a) shows one of such regions where the super-
structure creates characteristic dark/light fringes parallel
to the interface (perpendicular to the Y2O3 c axis). Fig-
ure 6(b) shows by comparison a “normal” interface re-
gion where no such fringes are observed. The insets in
Figs. 6(a) and 6(b) show the digital diffraction pattern of
the two HRTEM images. We noticed that the digital

diffraction pattern in Fig. 6(a) shows additional reflec-
tions, which are attributed to the superstructure region
and are absent in the normal region of Fig. 6(b). The
same additional reflections are also visible in the Y2O3

SAD pattern (not shown), which samples a film area
containing normal and superstructure regions.
The existence of a similar superstructure in oxygen

deficient Y2O3 films was reported previously by others
and attributed to ordering of oxygen vacancies.14,15 We
surmise that when the oxygen partial pressure during
deposition is low enough to cause formation of large
numbers of oxygen vacancies in the growing film, these
tend to cluster and order into a superstructure, creating
regions in which the film is highly oxygen deficient next
to stoichiometric Y2O3 regions.
A close comparison of the Y2O3 lattice fringes within

the two regions reveal that the respective [001] vectors
are not parallel. Although the Y2O3 [001] in the normal
regions points toward the surface normal, the [001] of
the superstructure regions points in the opposite direc-
tion and therefore lessens the sharpening effect asso-
ciated with the strained epitaxial growth of optimally
doped Y2O3. The reason for the different tilt direction
of the superstructure regions is not clear, but we suspect
that this might be related to changes in the number of
oxygen atoms that are coordinated to each Y atom, and
the greater spread of bond lengths between near neigh-
bor atoms observed in reduced yttria.12,13 We recall that
in Y2O3, the (00l) lattice planes consist of alternating
O-planes and Y-planes spaced 1.33 Å apart. This is the
lattice spacing that will match the Ni–W inter-plane
lattice spacing of 1.76 Å in the <001> direction at the
substrate’s step ledges. Vacancies in the O-planes and a
spread in the Y–O bond lengths associated with the
superstructure might change the nature of the bonds be-
tween Ni atoms and yttria atoms at the step ledges, thus

FIG. 6. HRTEM images and corresponding fast Fourier transforms

(FFT) of two different interface regions in sample S3. (a) Light and

dark contrast fringes perpendicular to the Y2O3 c axis represent a

superstructure formed by ordering of oxygen vacancies. The super-

structure gives extra reflections in the FFT that are not normally seen

in yttria diffraction patterns. (b) In addition to the superstructure

regions, the sample shows alternating normal Y2O3 regions.
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modifying the crystallographic film tilt. A change in num-
ber of next neighbors and bond lengths might be related in
general to a lower epitaxial strain in the superstructure
regions, which would also account for the smaller tetrago-
nal distortion measured for this film as compared to sam-
ples S1 (Table I). Alternatively, the epitaxial strain may be
relieved by misfit dislocations. Although dislocations are
not apparent at the film-substrate interface, it is unclear
how abundantly they occur as the film thickness increases
above a critical value of �10–15 nm.

Finally, we exclude the possibility that chemisorption
of oxygen or other species on the Ni–W surface before
film deposition might play a role in determining the tilts
observed in these samples. In all cases the Ni–W sub-
strates were subjected to the same sulfur treatment
designed to ensure formation of a c (2 � 2) S superstruc-
ture throughout the metal surface. The S termination
was found previously to enable the Y2O3 epitaxial
growth,17,18 and is known to be stable at all oxygen
pressures used for buffer layer deposition on Ni–W, and
in severe reducing environments as well.

In summary, we have shown that low oxygen partial
pressure during Y2O3 growth on Ni–W affects not only
the film oxygen content but also the film tilt with respect
to the substrate, film microstructure, and film nucleation
mechanism. The oxygen stoichiometric Y2O3 sample
exhibited a coherent film/substrate interface and strain-
mediated crystallographic tilt of the type described by
Nagai et al.4 However, in the films grown under reduced
oxygen pressure the effects of this tilt mechanism were
greatly diminished due to formation of interface disloca-
tions or regions in which the film oxygen vacancies
ordered to form a lattice superstructure.
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