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Three-dimensional graphoepitaxial growth of oxide films by pulsed laser deposition
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Metaloxide thin films were deposited on tilted-axes NdGaO; substrates (TAS NGO) by pulsed laser
deposition. A specific growth mode resulting in an inclination between crystallographic planes of the top layer
and that of the bottom layer was commonly observed. A simple geometrical growth model, taking into account
faceting of the surface of the bottom layer, explains the observed dependencies well. The matching of the top
and the bottom layer is essentially three dimensional, with graphoepitaxial matching in the substrate plane.
The three-dimensional graphoepitaxial (3DGE) growth mechanism seems to be quite common for deposition
on TAS with tilt angles more than 5°. It was observed for eight of ten studied combinations of materials,
including multilayer heterostructures, for four different deposition techniques, and on substrates with different
predeposition treatment. The 3DGE growth was observed both with increase and decrease of the top layer tilt
angle compared to the tilt angle of the bottom layer. Two different 3DGE dependencies can be distinguished in
the high-angle range (>15°): with a tendency towards standard growth above some threshold angle, and retaining
3DGE behavior until a tilt angle of 45° is reached, either by the top or by the bottom layer. In a simplified way
the difference may be attributed to two different formation mechanisms: the first one generates the additional
tilt when the growing grain overgrows another grain, seeded on the next step on the substrate surface, while for
the second mechanism the inclination is formed when the grain is seeded over the step. The first type is better
described by a tangent angular dependence, it is observed usually when a compressive strain is induced in the

top layer. The second type follows a sine dependence, and is usually seen for a tensile-strained top layer.
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I. INTRODUCTION

Deposition of epitaxial thin oxide films on substrates
with inclination of surface orientation from the small-index
crystallographic planes (SICPs)—the tilted-axes substrates
(TAS), often also called “miscut” or “vicinal” substrates—is
attracting more and more attention in the last decades as a
simple way of preparation of quantum wires and quantum dots
(see, e.g., [1]). Previously studies of oxide films deposition
on TAS was usually pursuing the goal of improvement
of the lattice perfection and surface smoothness due to
change of the growth mechanism from 3D (Vollmer-Weber
or Stransky-Krastanov modes) to the two-dimensional (2D)
step-flow growth (see, for example, [2—4]). The reason for
such a change is the surface structure of the TAS, representing
a network of steps with terrace and edge surfaces oriented
along the SICPs (see, e.g., [5]). The SICPs forming the
terraces for some substrate materials and orientations are
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called “habit planes,” because the standard deposition on these
materials is done with substrate surface orientation along
the “habit” SICP. This network of steps provides excellent
seeding positions in the internal corners formed by the step
edge and the surface of the next terrace, and force the uni-
directional growth from the edge of the terrace [Fig. 1(a)].
The overgrowth of the grain seeded on the next joint of
terrace and edge determines the general properties of the
growing film: strain, orientation, dislocations density, and
surface roughness. Note that the strain in the overgrowth area
is generated not only by the in-plane mismatch due to the
difference of the lattice constants of the film and the substrate,
but also by the out-of-plane mismatch [not shown in Fig. 1(a)].
This “standard” growth mode [Fig. 1(a)] demonstrates good
parallelism of crystallographic planes of the film and the
substrate, and the strain, generated by the film-substrate lattice
mismatch, is accommodated by generation of dislocations and
step bunching (see, e.g., modeling in [6]). Some authors even
claim this standard growth mechanism with parallel SICPs of
the film and the substrate to be the only possibility.
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FIG. 1. Growth modes during oxide deposition on tilted-axes
substrates: (a) Standard growth mode with parallel small-index crys-
tallographic planes (SICPs) of film and substrate. (b) and (c) Three-
dimensional graphoepitaxial growth mode with mutual inclination
of film and substrate planes. (b) Overgrowth mechanism, when
inclination between the SICPs of the substrate and the film is caused
by a difference between the height of the substrate step and the layer
thickness of the film on the next terrace. The case of smaller height
of the growth step of the film is shown. The resulting tilt follows the
tangent formula [Eq. (1) in text]. (c) Simultaneous seeding of the film
on neighboring seeding knots (black dots) results in the sine model
[Eq. (2)].

In fact, studies of deposition of semiconducting thin films
on TAS showed the possibility of different film-substrate ori-
entational relations, depending on the mechanism of lattice-
mismatch strain accommodation. The first observations of
inclination of the SICPs of the film from that of the substrate
date back to the early 1970s [7—10]. The mechanisms resulting
in such inclinations were discussed in different ways in [11—
13]. According to [13], three epitaxial modes are possible,
with lattice mismatch accommodation by (i) dislocations
with Burgers vector in the habit plane, (ii) dislocations with
Burgers vector inclined relative to the habit plane, and (iii)
disconnections generated on the edges of the terraces on the
TAS surface. The first mode corresponds to the standard mode
[Fig. 1(a)], with no inclination of the SICPs of the film from
that of the substrate, and with the lattice-mismatch generated
strain being completely relaxed by generation of dislocations.
The second mode results in some (usually small) inclination
of the lattice of the crystallites of the growing film, it is
usually detected as an increased width of the out-of-substrate

plane rocking curve of the film compared to the corresponding
rocking curve of the substrate. The inclination mainly depends
on the mismatch between the substrate and film, and for
deposition on a substrate aligned along a SICP (habit plane)
the crystallites are inclined randomly, or almost randomly, in
the substrate plane. Systematic small-angle (usually below 1°)
tilt of the films SICP along some crystallographic direction
in the substrate plane also manifests this second relaxation
mechanism (see, e.g., [14]). The third epitaxial mode is a re-
sult of accommodation of strain by disconnections generated
on the edges of the steps. The inclination of the film lattice
depends on both lattice mismatch and substrate plane tilt from
the habit plane and may be described in a simple geometric
way first proposed by Nagai [8]. The height of the growth
steps of the film ¢, [Fig. 1(b)] is not equal to the height of
the steps on the substrate surface c;. As a consequence, the
inclination of the crystallographic planes of the film from the
substrate surface plane y’ increases compared to the substrate
tilt y when ¢ > ¢y, and decreases when ¢y < c. Considering
overgrowth of the layers (see, e.g., [15]) with average length
of the terrace surfaces d, [Fig. 1(b)], we can write the obvious
relations

d, = cy/tany’ = ¢, /tany,
y’ = arctan[(c /¢, )tany]. ¢))

This simple formula may change if seeding is considered
not in a single edge-terrace joint, but simultaneously on
neighboring seeding knots (black dots in Fig. 1(c), [16]). In
this case simple considerations provide the sine dependence
instead of tangent:

d; = cy/siny’ = ¢, /siny,
y' = arcsin[(cs/c,)siny], 2)

where d; is the average distance between the seeding knots on
the substrate surface. Usually the authors do not distinguish
the two possible mechanisms and use sine or tangent for their
convenience, or even ignore the trigonometric functions and
calculate the angle directly. The reason is the vicinal range of
the tilt angles, in most of the studies less than 5° and only in
some studies increasing to ~10°.

It is important to note that ¢y and ¢, are not the lattice
constants, but the heights of the steps of film and substrate,
only in some cases being equal to the lattice constants of the
materials in respective directions (normal to the correspond-
ing habit plane). For example, the height of step can be 1/2 or
1/3 of the lattice constant ( [17] and [15], correspondingly), or
a fractional part of the translation distance in the cases when
faceting happens along (110) or (111) SICPs.

This epitaxial growth mode is essentially three dimen-
sional: the tilt axis of the substrate provides initial bonding
conditions for the film, usually similar to the epitaxial rela-
tions on the habit plane, while the translation distance (d, or
dy) and the ratio of substrate to film step heights determines
the mutual orientation of the habit plane of the substrate and
the corresponding SICP of the film. The film and the substrate
are coupled, thus, in all three dimensions, while for ordinary
epitaxial growth the coupling occurs only in the substrate
plane, i.e., in two dimensions. At the same time, this growth
mechanism may be considered as a kind of graphoepitaxy,
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because the orientation and structure of the film is determined
not exclusively by ions in the lattices of film and substrate,
but also by a net of features on the substrate surface with the
size greater than the interatomic distances or lattice constants.
To indicate all these features we will refer to this growth
mechanism as the three-dimensional graphoepitaxial (3DGE)
growth mode.

The three mechanisms of mismatch relaxation may co-
incide, with corresponding change of inclination angle and
strain to some intermediate values between the pure cases
[13].

The 3DGE mechanism, fairly described with geometrical
approximation, was observed in numerous studies of semi-
conductor heteroepitaxy, references can be found in [11-
13]. Most of these heterostructures were limited to small tilt
angles (vicinal range), utilized in semiconductor technology
for improvement of thin film quality. Oxide thin films and
substrates were rarely studied and most of the obtained tilts
in oxide heterostructures were misinterpreted or left without
explanation.

To our knowledge, 3DGE in all-oxide heterostructures was
first observed in 1991 by Kotelyanskii and Luzanov [18],
when CeO, films were deposited on NdGaO3; (NGO) TAS
(tilt around the [001] axis from the (110) plane towards
(010) plane) with e-beam evaporation. All range from (110)
to (—1 1 0) planes [orthorhombic notation, equivalent to the
(100), and (010). planes of the pseudocubic notation for
the NGO crystal] was studied. The (110) axis of the CeO,
film was bound to the [001] tilt axis of the substrate for all
TAS orientations. The inclination of the CeO, (001) SICP
from the sample surface monotonously increased surpassing
the increase of the substrate tilt angle, until (110) CeO,
orientation was reached at y, &~ 32° [Fig. 2(a), solid line].
The faster increase of film tilt y’ compared to the substrate
tilt y was due to greater lattice constant of the film (5.4
and 3.86 A, correspondingly), and showed good agreement
with the simple formula (2). The film remained (110) ori-
ented with a wide spread of grains orientation (rocking curve
width ~5°) until ~58° substrate tilt, when 3DGE started to
follow the (—1 1 0) crystallographic plane of the substrate,
symmetrically equivalent to the initial (110) NGO plane.
The reason for (110)-oriented film growth is the presence of
two symmetrically equivalent {110} SICPs on the substrate
surface, each of them showing no preference over the other
neither in the resulting tilt of the film, nor in the area of the
corresponding facets on the substrate surface. The critical tilt
angle at which the growth mode changes from 3DGE to (110)
oriented is given by simple formula [sine dependence of tilt

(2]
Ye = arcsin[(cs/c ) sin(45°)]. 3)

For CeO, deposition on NGO y, = 30.4°, in a reasonable
agreement with the observed value.

The study of CeO,/NGO heterostructures was continued
using rf sputtering [19,20] and pulsed laser deposition (PLD)
techniques [16,21]. Much higher deposition rate during rf
sputtering (5—7 nm/min instead of 0.5 nm/min for e-beam
evaporation) resulted in a more complicated behavior [19,20].
Both standard growth mode (type I in [19,20]) and 3DGE
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FIG. 2. First observations of gradual increase in tilt of crystallo-
graphic planes of the film in CeO, deposition on NdGaOs tilted-axes
substrates. (a) With e-beam evaporation (solid line, [18]) and rf
sputtering (crosses, [19,20]). The tilt of CeO, film with standard
epitaxial growth mode is shown by a dashed line. (b) With PLD [22].
The formula on the graph takes into account the orthorhombicity of
NdGaOs. Note that dependencies follow the sine formula [Eq. (1)]
for (a) and the tangent formula [Eq. (2)] for (b).

growth mode (type II) are degenerated twice due to the pres-
ence of symmetrically equivalent (110) and (—1 1 0) planes
on the substrate surface. The angular dependence of the 3DGE
part of the film followed the same sine mode (2) as for
e-beam evaporation [Fig. 2(a), crosses]. Further increase of
the deposition rate for PLD (7-55 nm/min average deposition
rate, depending on the laser repetition rate, and above 100
nm/min peak deposition rate during the laser pulse) provided
3DGE growth in the 4°-20° substrate tilt angle range [21]. At
higher angles the inclination between the NGO (110) plane
and the CeO, (001) plane dropped to 2°-3° and remained at
this level over the range (23° < y < 30°). Formula (1) was
applied to the 3DGE growth during PLD in [16] [Fig. 2(b)]
and showed excellent agreement with the observed mutual
film and substrate orientation. The more complicated view
of the formula in Fig. 2(b) compared to formula (1) is due
to an attempt to take into account the orthorhombic structure
of the substrate; in fact, this correction is small and may be
neglected. Deposition of YBa,Cu;0,(YBCO) over the CeO,
layer on NGO TAS resulted in a similar linear increase of the
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film inclination and abrupt drop to ~2.5° when y exceeded
25° [21].

PLD of CeO, buffer layer on Ni biaxially textured tape
with grain orientations randomly spread from the substrate
surface plane was studied in [17]. At high deposition tem-
peratures the out-of-substrate plane tilt of the (001) plane
of the CeO; overlayer follows the tilt of the (001) plane of
the Ni grain below, but is smaller, in a qualitative agreement
with the geometric formula. At low deposition temperature
the crystallites of CeO, are smaller than the terrace width
on the Ni grain surface; this excludes the graphoepitaxial
effect of steps on the film orientation, and, in fact, the CeO,
film grows in an agreement with the standard growth mode,
(001)CeO;,||(001)Ni [17]. Authors mention that grains of
LaMnO; and Y-stabilized ZrO, (YSZ) also tilted according
to the geometrical model when deposited on Ni tapes [17].

Similarly, in [15] another fluorite material, YSZ, deposited
on the vicinal sapphire substrate [5° from (0001) plane] with
liquid phase epitaxy (LPE), showed mixed orientation from
the standard growth mode to the 3DGE growth mode. The
reason was intense step bunching on the substrate surface dur-
ing substrate preparation (annealing at 1500 °C), resulting in
broad (0001)-oriented terraces. Some of the YSZ crystallites
were small enough to fit one terrace, and showed orientation
(001)YSZ]||(0001)Al,03, while orientation of the big YSZ
grains showed a tilt of 5.9°, in an excellent agreement with
the geometrical model [15].

YBCO deposition by PLD on YSZ TAS and CeO,-buffered
sapphire TAS was demonstrated in [22]. Both cases showed
3DGE, assuming that the CeO, buffer layer is well oriented
along the sapphire SICP: (001)CeO,||(1 —102)AlL0s3.
We will discuss the results of [22] in more detail in the
Discussion section below.

YBCO deposition on YSZ TAS was also studied in [23].
Direct deposition resulted in c-oriented YBCO films inde-
pendent of the substrate tilt angle, but introduction of a
buffer Y,0O; layer between YBCO and YSZ blocked chemical
interaction and promoted film growth with a tilt of SICP. The
inclination of the YBCO film from the habit plane shows the
3DGE behavior (increase of the inclination with an increase
of the substrate tilt angle), but the measured value of the film
tilt is less than calculated using the simple formula (1). At
high substrate tilt angle (35.7°) the YBCO film grows in the
standard epitaxial mode with small (less than 1°) deviation
from the habit plane (001) YSZ [23].

PbTiO; deposition on SrTiO; TAS [24] showed good
agreement with the geometrical model, even though the mech-
anism of growth is much more complicated than in other dis-
cussed studies (a-oriented grains formation on the edges of the
steps, with corresponding strains and distortions introduced
into the c-oriented grains on the terraces). Another study of
PbTiO3 deposition on TAS, with MgO substrates [25], also
resulted in the growth similar to the 3DGE, but with higher
inclination of the film compared to the calculated using the
table data.

Summarizing, the 3DGE growth mode is not something
unusual for all-oxide heterostructures on TAS, but the mech-
anism was quite often not recognized, and the results were
misinterpreted. Systematic investigations of the growth mode
are lacking, the angular ranges of 3DGE growth were not

determined. Deviations from the simple geometrical formula
were not explained. At the same time, understanding of the
3DGE mechanism is important for the fabrication of thin
film heterostructures, especially when the materials are highly
anisotropic, like high-temperature superconductors (HTSC)
or piezoelectrics.

In this paper we present our observations of the 3DGE
growth in different film-substrate pairs. Preservation of the
3DGE growth mode through a multilayer system is demon-
strated, and the characteristic features of the growth mode and
deviations from the simple geometrical model are discussed.
In this study we will concentrate on orientational characteris-
tics of the 3DGE films and multilayers, the fabrication detail
and secondary growth features will be presented in another
publication.

II. EXPERIMENTAL TECHNIQUES

The TAS (5 x 5 x 0.5mm?) were cut from NdGaOj sin-
gle crystals, their substrate surface was set by tilting from
the (110) habit plane around the [001] axis towards the
(010) plane (corresponding to tilt around the [001]. axis
from the (100). plane towards the (—1 10). plane in the
pseudocubic notation). The nominal tilt angle varied in the
range 0°-34°. Chemical-mechanical polishing (CMP) of the
substrates provided atomically flat surfaces with a roughness
R, determined by atomic force microscopy (AFM) below
2 A. Such a low roughness implies presence of a damaged
“amorphous” layer on the surface of the substrate after CMP.
Formation of pronounced steps on the surface with terraces
and edges oriented along the {110} planes (surface recrystal-
lization) demanded additional treatment: wet etching with HF
and high-temperature annealing in oxygen (to be published).
Mainly depositions were done on the as-polished substrates,
only after rigorous cleaning in organic solvents and weak acid
to remove contaminants present after dicing and CMP. The
actual tilt orientation and angle of the substrate surface were
checked after CMP with XRD measurements. The deviation
of the actual tilt axis from the [001] axis of NdGaO5 did not
exceed 5°, being usually less than 2°. The actual tilt angle was
measured for each substrate.

Fluorite YSZ and CeO,, perovskite BaZrO; (BZO), and
perovskitelike YBCO thin films were deposited in differ-
ent combinations with PLD. The details of the technique
can be found in [26]. Commercially available stoichiometric
high-density (>90% of bulk density) ceramic targets were
used. The structural properties of thin films and multilayers
were studied using x-ray diffraction techniques, the surface
morphology was observed by SEM and AFM. Electrical
properties of the superconducting films were measured with
noncontact techniques. The complete results of our studies,
including morphology and electrical properties of the films,
will be published elsewhere: in this article we will concentrate
only on the orientational features of the heterostructures.

The chosen film and substrate materials provided a wide
range of lattice mismatch and corresponding strain introduced
into the upper layer. The translation distances at room tem-
perature and expected strain in the habit plane (110) NGO
are presented in Table I for all studied top layer/bottom layer
combinations. The lattice mismatches, in fact, differ from the
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TABLE 1. Lattice parameters of the substrate and film materials.

Top layer Calculated in-plane strain®* (%)

Y: ZrO, CeO, BaZrO; YBa,Cus0,
Bottom layer Translation distances® (A)

in-plane out-of-plane

NdGaO; 3.861 x 3.864° 3.861 +5.7-4+5.8 +1.0-+1.1 —8.7-—8.8 —0.75-+1.0
Orthorhombic
Y : ZrO, 3.641¢ 5.149 XXX -5.0 —154 —6.8-—5.1
Cubic
CeO, 3.8224 5.405 XXX —1.8--10.1
Cubic
BaZrO; 4.20 4.20 XXX +7.4-+ 8.9
Cubic
YBa,Cu;0, 3.825 x 3.89 3.89-3.92¢ XXX
Orthorhombic

“Negative value corresponds to compressive strain, positive to tensile strain.
“In-plane” data are provided for the standard (110) orientation of the NGO substrate and corresponding SICPs of the films. Lattice structure

and parameters are given for room temperature.

“Orthorhombic lattice of NdGaO; results in orthogonal translation directions on the (110) plane with distances c¢/2 = 3.864 A and

[(@ +b*)'*1/2 = 3.861 A.

dFluorite lattice during deposition on perovskite NdGaOs substrate is tilted in substrate plane by 45° and the in-plane translation distances
corresponding to the substrate axes are calculated as 5.149/2'/2 = 3.641 and 5.405/2'/2 = 3.822 A for YSZ and CeO,, respectively.
“Perovskitelike lattice of YBCO consists of three perovskite cells in ¢ direction, so the out-of-plane translation distance is given by ¢/3 =

3.89-3.92 A, depending on the oxygen contents in the film.

presented, as a result of different thermal expansion coeffi-
cients, but since the lattices of both layers can be distorted by
the substrate-induced strain, by presence of oxygen vacancies,
and by chemical interaction between layers, we cannot present
exact values of the strain and keep the room-temperature data
as a reference. Actual strain should be determined for each
top layer/bottom layer combination using the measured lattice
constants in the fabricated heterostructures.

The deposition parameters for CeO, and YSZ were op-
timized to obtain smooth thin films of single orientation
(001)CeO,]|(110) NGO on a standard (110) NGO substrate.
Substrate temperature during deposition was held at 740 °C,
the target was ablated at an energy density of 1.1J/cm? and
pulse repetition rate of 2 Hz in a mixture of argon and oxygen
(6% O,, 0.2mbar total pressure). Low energy density just
above the ablation threshold (~1J/cm? in our deposition
system) resulted in a very low growth rate (~0.3 A /pulse =
0.6A/s for CeO, and ~0.1A/pulse = 0.2A/s for YSZ),

and low oxygen partial pressure promoted growth of a film
of high crystal quality. No post-deposition annealing was
performed; the film was cooled down to room tempera-
ture in the working atmosphere at the maximal possible
rate.

The lattice constant of the YSZ films on (110) NGO
substrates was typically 5.145-5.155A, for some samples
ranging from 5.135 to 5.185A, in good agreement with
standard value of 5.15A. The FWHM (full width at half
maxima) of the peaks on the 6/26 scans for the YSZ films
was very close to the estimations of the size broadening,
implying high homogeneity and low strain in the films. The
CeO, films on (110) NGO substrates showed lattice constant
5.395-5.41 A, close to the standard 5.4 A. The FWHM of the
peaks on the 6/26 scans was significantly higher than the
size broadening, indicating strained or inhomogeneous layer
formation. Both YSZ and CeO, films showed wide rocking
curves (see Table II).

TABLE II. Typical structural properties of the films grown in standard epitaxial mode on low-angle TAS NGO. The spread of the presented
parameters is ~50%. Actual film properties strongly depend on deposition conditions.

Lattice Lattice Strain Ad/d FWHM of rocking Film SICP Vicinal range
Film/substrate mismatch? (%) constant” (A) (%) curve (deg) inclination (deg) (deg)
YSZ/NGO +5.7-+5.8 5.149 0.25 1.1 <0.5 2
Ce0,/NGO +1.0-+ 1.1 5.405 0.15 0.5 <0.15 1
YBa,Cu;0, /CeO, —-0.75-+1.0 11.685 0.4 0.35 <0.1 1
BaZrO; /NGO —87-—-8.8 4.200 0.6 0.5 <0.1 no data

“Negative value corresponds to compressive strain, positive to tensile strain.
®Normal to substrate plane.

103401-5



PETER B. MOZHAEV et al.

PHYSICAL REVIEW MATERIALS 2, 103401 (2018)

BZO films were deposited at the same conditions as fluorite
films. The deposition rate for BZO was 0.225 A /pulse =
0.45A/s. The BZO films showed good lattice perfection as
determined by XRD 6 /26 scans and rocking curves (Table II).
The lattice constant was 4.197-4.213 A, in good agreement
with the bulk value (~ 4.2 A).

The YBCO thin films deposition parameters
(1.2-1.5J/cm?, oxygen partial pressure 0.16 mbar, total
pressure of Ar/O, mixture 0.8 mbar) were optimized to
obtain the best superconducting and structural properties
for the films grown on the standard (110) NGO substrates.
Relatively low deposition temperature of 730-750 °C
suppressed the chemical interaction of YBCO with CeO,
bottom layer in multilayer structures. The deposition rate of
0.8 A/pulse (1.6 A/s at standard 2 Hz laser pulse repetition
rate) provided enough time for relaxation of the deposited
material on the surface of the growing film. A prebake step
before deposition saturated the substrate surface with oxygen
and decreased the probability of chemical interaction with
the growing film. As a consequence, the lattice perfection
of the film significantly increased, especially for the thin
layer near the interface with the substrate [26], and both
size and density of the particles on the thin film surface
decreased. Post-deposition annealing was performed at
450 °C in 800 mbar of oxygen for 1 h. All YBCO films
showed 7. above 89 K and a narrow superconducting
transition, proving good uniformity of the film structure.
The ¢ lattice constant for all films was 11.67-11.7 A,
confirming good reproducibility of the film fabrication
procedure. Rocking curve width, FWHM of the peaks of the
6/26 scans, and strain estimation, depended on tilt angle,
underlying material, and deposition conditions, and varied
significantly.

Multilayers were usually prepared ex situ to have a
possibility to study the bottom layer properties before
and after deposition of the top layer. Some multilayer
structures were fabricated in sifu, their parameters were
compared with that of corresponding ex sifu fabricated
heterostructures.

Deposition rate of the deposited materials was calibrated
using selective wet chemical etching of grown films or with
lift-off removal of some part of the fabricated layer using
a predeposited and patterned hard mask. The value calcu-
lated using a number of pulses on target and calibrated
deposition rate we call the nominal thickness. Actual film
thickness may differ from the nominal value not only as a
result of small deviations of deposition parameters, but also
due to modification of the target surface by laser irradia-
tion, usually resulting in a lower ablation rate with time.
The thickness was also evaluated using the Williamson-Hall
method, the result was in good agreement with the nominal
value (error below 15%). Application of the Williamson-Hall
calculation allowed also determination of the variation of
the diffraction period normal to the diffraction plane Ad/d.
This parameter, usually called “strain,” was determined for
films of all materials if more than one diffraction peak was
present on the 6/26 scan. Note that this is not the strain
related to the film-substrate lattice mismatch (Table I), though
sometimes a relation can be established between these two
parameters.

III. RESULTS

The studies of epitaxial growth in semiconductor het-
erostructures showed that the tilt axis acts as an anchor setting
the initial epitaxial relation along the habit plane. Similarly, in
our previous studies [19-21] the (100) axes of the perovskite
films and the (110) axes of the fluorite films were parallel to
the substrate tilt axis [001] NGO for all deposition conditions.
In this study we assumed that this epitaxial relation remains
correct and limited the XRD studies to /20 and w scans
around the substrate tilt axis with an initial offset angle wy.
Our assumption is corroborated by similar integral intensity of
the XRD peaks for the films with the same nominal thickness.
When the observed peak integral intensity was significantly
smaller, we performed a search for additional orientations. All
orientations found still followed the same epitaxial relation
with some of the film axes parallel to the substrate tilt axis.

To avoid misunderstanding we will use the following nota-
tions:

(1) the substrate plane is the plane of substrate surface;

(ii) the tilt angle y is the angle between the SICP of film
or substrate (habit plane) and the substrate plane;

(iii) the inclination angle is the angle between the SICPs
of the substrate and the film;

(iv) the misorientation is the spread of orientations of
individual grains of the film around the main orientation,
usually determined as FWHM of the corresponding rocking
curve.

A. Standard epitaxial growth

The epitaxial growth for very small tilt angles (vicinal
range) does not differ much from growth on a substrate
ideally oriented along the habit plane. In fact, the surface
of a substrate exactly oriented along the habit plane usually
consists of local areas with very small tilt from the habit
plane: only the average orientation corresponds to the SICP
(see, for example, discussion of different effects of roughness
in [11]). In our case morphological, structural, and electrical
parameters of the films remain the same as for the (110) NGO
substrate until some threshold tilt value; this angle determines
the vicinal range of epitaxy. Usually in this range the tilt of
the film due to the 3DGE growth hardly can be distinguished
from the tilt due to other mechanisms, taking into account
the accuracy of the XRD measurement and relatively high
misorientation of the film grains after PLD. Morphologically
the surface of the film shows no specific directions and the
grains are rounded or evenly oriented, if elongated.

At the same time, the films obtained in the vicinal range
with the “standard” epitaxial growth mode may be considered
as a reference for the 3DGE grown films at higher tilt angles.
For this reason in this section we present the main parame-
ters of all films deposited on TAS of the vicinal range (see
Table II).

Generally we note that the parameters of the films grown in
the vicinal range depend on conformity of the lattice structure
and the mismatch strain introduced by the substrate. The
fluorite films deposited on the perovskite substrates show
a wider rocking curve and higher deviation of the average
orientation from the (110) NGO plane compared with the
perovskite films, but much lower variation of the out-of-plane
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FIG. 3. Rocking curves for the (400) peak of CeO, films on TAS
NGO. Substrate tilt angle: top curve 11.4°, bottom curve 18.4°. Black
arrows show the angular position of the (110) NGO plane, white
arrows correspond to the angular position of the (010) NGO plane.
The 3DGE peaks of CeO, films are marked with diamonds.

lattice constant Ad/d. Both for fluorite and perovskite films
the structural parameters are better for the materials with
smaller lattice mismatch.

Deposition of YBCO on NGO TAS in all conditions and
for all tilt angles resulted in standard epitaxial growth with
relations (100) (001) YBCO||[001](110) NGO. The details of
these films structure, morphology, and superconducting prop-
erties can be found in [21,27]. Such preservation of standard
growth mode on TAS of all angles is considered as usual for
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YBCO deposition on perovskite substrates (see, e.g., [3], and
[19-21,27])).

In our previous studies we assumed that a difference in the
lattice structure is an important condition of 3DGE growth:
a perovskite film on a perovskite substrate (like YBCO on
NGO) and a fluorite film on a fluorite underlying layer would
follow standard epitaxial growth mode. In fact, this is not true,
as we will show below.

B. 3DGE growth
1. CeO, on NGO TAS

Typical rocking curves of CeO, films deposited by PLD
on TAS NGO are presented in Fig. 3. The 3DGE peak is
shifted from the position of the (110) NGO plane towards
higher tilt angles, and the shift increases with substrate tilt
angle. All our results for 3DGE growth of CeO, at different
substrate tilt angles are gathered in Fig. 4(a). The film orien-
tation dependence on substrate tilt is finely described by the
simple geometrical model (1) until ~20°. Above this value
the film tilt decreases towards the standard epitaxial relation
(001) CeO,||(110) NGO. For substrate tilt angles 30°-35° we
observed (110)-oriented CeO, films, with wide rocking curves
(up to 4°) and high strain (Ad/d ~ 1°). These results are
in good agreement with [18] and limitations of the simple
geometrical model (3). Detailed description of deposition
technique, (110)-oriented CeO, films properties, and specific
cases in the angular range 30°-45°, will be presented in
another publication. The CeO, film orientation for the tilt
angles 25°-30° remains unclear: we could not reliably detect
weak high-index XRD peaks from the CeO, film. Formation
of a polycrystalline film seems probable, maybe with a set of
predominant orientations.

| l
o -
2]
Width of the rocking curve (degree) +

]
o

Deviation from 3DGE-tan (degree) >

10 15 20 Y
Substrate tilt angle (degree)

FIG. 4. Orientational relations of CeO, films on TAS NGO. (a) The film orientation follows the 3DGE-tangent growth mode [Eq. (1)]
until 20°, and then the film tilt deviates towards the standard growth mode. Inset: Dependence of the lattice constant variation (strain) on the
substrate tilt angle. (b) Deviation from calculated tilt angle (triangles) changes from small positive to small negative with substrate tilt angle
until threshold at 20°. The width of rocking curve (crosses) increases with angle. Lines are given as guides for the eye.
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FIG. 5. Rocking curves for the (400) peak of the YSZ films on
TAS NGO. Substrate tilt angle: top curve 19.5°, bottom curve 15.4°.
Arrows show the angular position of the (110) NGO plane, the 3DGE
(400) YSZ peaks are marked with diamonds.

The deviation of the film orientation from the calculated
value depends on film properties and deposition parameters.
On average, the 3DGE film shows tilt angle slightly (<1°)
higher than calculated for tilt angles below 14°, and slightly
(<1°) smaller for tilt angles above this threshold, with a
rapid increase of deviation when the film stops following
pure-3DGE growth mode for tilt above 20° [Fig. 4(b)].

The misorientation of CeO, grains was tested using the
XRD rocking curves measurements. For an increase of y
from 0° to 19° the FWHM of the rocking curves, as well as

spread of the FHWM’s from sample to sample, increased [see
Fig. 4(b), top curve]. When the growth mechanism turns to-
wards the standard mode (y = 23°), the width of the rocking
curve decreases.

The lattice constant of the CeO, 3DGE films on TAS is
close to that of the films on (110) NGO substrate, 5.399-5.408
A. The strain and the FWHM of the rocking curves for the
majority of the 3DGE films are significantly higher (~1% and
~1.3°) than that of the standard films (~0.15% and ~0.5°, see
Table II). The FWHM of the peaks on the /26 scans is higher
than expected on the size evaluation, implying significant
inhomogeneity of the films similarly to the standard-oriented
films grown on (110) NGO. Small deviations from optimal
deposition conditions influences the 3DGE films properties in
the same way as that of the standard films: the lattice constant
increased and the strain in the film decreased with a decrease
of the oxygen partial pressure during deposition. The rocking
curve width showed no dependence on deposition conditions
in the studied range.

2. YSZ on NGO TAS

The typical rocking curves of the YSZ thin films on TAS
NGO are shown in Fig. 5. The Bragg diffraction angle for the
(400) peak of YSZ is very close to that of the (330) peak of the
NGO substrate, so a single measurement allows determination
of angular positions of both substrate and film SICPs.

Typical dependence of the YSZ film orientation on sub-
strate tilt angle is shown in Fig. 6(a). The tilt of the (100)
plane of YSZ follows the geometrical model, sine variant (2),
exceeding the calculated value in the angular range 5°-12°.
The deviation from the 3DGE model is much higher than
for CeO, 3DGE films, reaching +3° for substrate tilt angles
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FIG. 6. Orientational relations of YSZ films on TAS NGO. (a) The film orientation follows the 3DGE-sine growth mode [Eq. (2)] at high
substrate tilt angles and slightly exceeds the calculated value for 5°-12°. Inset: Dependence of the strain in the film on the substrate tilt angle.
(b) Deviation from calculated tilt angle (3DGE-sine model, triangles) shows maximum in the 7°-10° range, correlating with the width of the
rocking curve dependence on tilt angle (crosses). Lines are given as guides for the eye.
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7°-10° [Fig. 6(b), bottom curve], but similarly decreases with
tilt angle, finally changing to negative values for tilt angles
above 20°. The FWHM of the rocking curve for the YSZ films
deposited at tilt angles close to zero shows a very high spread
from sample to sample [Fig. 6(b), top curve]. A change of the
substrate tilt angle to ~2° results in a huge rise of the grains
misorientation (the FWHM increases to ~3°). The further
increase of the substrate tilt angle results in a gradual decrease
of FWHM with saturation at ~1° at high tilt angles.

The variation of the lattice parameter Ad/d also shows
a very high spread from sample to sample at zero tilt angle
[see inset Fig. 6(a)]. Until 12° it remains almost constant,
and increases only above 15°, when the deviation from the
calculated angle becomes small and the width of the rocking
curve saturates [Fig. 6(b)]. The strain and the width of the
rocking curve show clear anticorrelation.

The lattice constant of the YSZ films varied from 5.134
to 5.157 A (5.148 A average, the measurement accuracy was
low, ~0.007 A), independently on the substrate tilt angle. The
deposition of YSZ films seem to be rather reproducible, no
significant changes in film orientation and structure could be
observed with small changes of deposition conditions. An
increase of thickness of the YSZ film (100 to 900 A) leads
to a decrease of strain and a decrease of the rocking curve
width: with an increase of film thickness the film becomes
more homogeneous and more aligned.

3. BaZrO; on NGO TAS

The expected growth mode of a perovskite BZO film on
a perovskite NGO substrate was standard, and for high (24°)
tilt angles this assumption proved to be correct. Surprisingly,
at a substrate tilt angle of 10° the film orientation showed
excellent agreement with the geometrical model (Fig. 7). The
discrepancy from the calculated value (tangent model) is less
than 0.05°, and deviation from the standard orientational rela-
tions exceeds 0.8°. The width of the rocking curve increased
for high tilt angle (see inset Fig. 7), similarly to the CeO,
3DGE films [Fig. 4(b)]. The strain in the films decreased
with tilt angle, anticorrelating to the rocking curve width. The
measured lattice constant was 4.199 A, in good agreement
with the standard 4.2 A value, and did not depend on tilt angle.

C. 3DGE growth in multilayer heterostructures

All studied multilayer heterostructures on NGO TAS
showed 3DGE growth through the whole thickness of the
heterostructure, except when a chemical reaction took place
between the neighboring layers (YBCO over CeO,, YSZ,
or BZO). Even in these cases some part of the upper layer
showed 3DGE growth, especially at lowered deposition tem-
peratures.

1. Ce0,JYSZ/NGO

A thin (20-100 A) CeO, layer is often introduced be-
tween the YSZ bottom layer and YBCO top layer to prevent
chemical interaction. A weak signal from the thin CeO, layer
is hard to distinguish from a strong neighboring YSZ peak,
especially at small tilt angles. Still for some samples we
managed to determine the mutual orientation of the films in
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FIG. 7. Orientational relations in the YBCO/BZO heterostruc-
tures on TAS NGO. Diamonds: BZO, squares: 3DGE part of the
YBCO films. Thin symbols: Calculated positions if BZO kept 3DGE
growth mode to 24°. Inset: Dependence of the width of the rocking
curve of the BZO (200) peak (crosses) and YBCO (005) peak (stars)
on the substrate tilt angle. The lines on the inset are guides for the
eye.

a YBCO/CeO,(75 A)/YSZ trilayer on NGO TAS (Fig. 8).
We expected standard epitaxial growth of a fluorite CeO, film
over a fluorite YSZ bottom layer, with strictly parallel (100)
planes in both layers. Instead, the 3DGE growth was observed
not only for the fluorite YSZ layer over the perovskite NGO
substrate, but also for the CeO, film over the heterostructure
(Fig. 8). The tilt angle for the CeO; layer is higher than that of
the YSZ layer, in agreement with greater lattice constant (5.4
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FIG. 8. Rocking curves of the (400) YSZ, (400) CeO,, and (007)
YBCO peaks of the trilayer YBCO/CeO,/YSZ heterostructure on
TAS NGO. The substrate tilt angle is 16.9°. All layers follow the
3DGE growth mode.
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FIG. 9. Orientation of CeO; films on 3DGE YSZ layers on TAS
NGO. Inset: Dependence of the deviation from the 3DGE-tangent
model (triangles) and the width of the rocking curve of the CeO,
(400) peak (crosses) on the substrate tilt angle. The lines are guides
for the eye.

and 5.15 A). The calculated and measured tilt angles match
well (Fig. 9). The tangent model (1) describes the angular
behavior better than the sine model (2), calculations are done
taking into account an excessive tilt of the YSZ layer for
tilt angles 5°-12° [Fig. 6(a)]. Similar to the CeO, films on
bare NGO TAS the deviation from calculated value changes
from positive to negative at ~12° tilt of the underlaying layer
[compare Fig. 4(b) and inset Fig. 9]. At high tilts (above
23° for CeO,/YSZ) a deviation towards the standard growth
mode is observed [Figs. 9 and 4(a)]. The width of the rocking
curve increases with tilt angle, but drops when the tilt changes
towards the standard orientation. We may conclude that all
orientational features of the 3DGE tangent mode growth of
CeO; on TAS NGO are preserved on tilted-axes YSZ bottom
layer.

The measured lattice constant of the CeO, interlayer is
5.397 + 0.009 A, somewhat smaller than the standard 5.4 A
value, or 5.404 & 0.004 A typical for CeO, grown on NGO
TAS at the same deposition conditions. Incorporation of Zr
atoms into the CeO, growing film may be the reason for this
difference.

2. YBCO/CeO,/NGO

The YBCO grains on a CeO, layer showed either ¢ ori-
entation or 3DGE orientation; films with mixed orientation
were observed most commonly. The orientation of the YBCO
grains depended on tilt angle and deposition conditions, but
the most affecting factors are the properties of the underlaying
CeO, layer, set by CeO, fabrication technique, and prepara-
tion of the CeO, /NGO sample to the YBCO film deposition.

YBCO
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FIG. 10. X-ray 6/260 scan of the YBCO/CeO,/NGO het-
erostructure along the substrate normal, nominal substrate tilt angle
22°. A set of broad peaks from polycrystalline Ba(Ce, Y)O; reaction
layer can be detected on the scans, produced by small (5-15 A)
crystallites.

The mechanisms of c-oriented YBCO film formation over
the CeO; layer are similar to the growth processes of YBCO
films on the YSZ layers (see, e.g., [28,29]) and result from
interaction of Ba with CeO, with formation of a Ba(Ce, Y )O3
interlayer. An increase of thickness of such an interlayer leads
to secondary seeding of Ba(Ce, Y)O; grains with orientations
providing minimization of the surface energy. We observed
(100), (110), and (111) orientations of Ba(Ce, Y)O3 grains
along the substrate plane (Fig. 10). The wide peaks in the
angular range 10°—50° corresponded to very small (5-20 A)
crystallites with lattice constant ~4.31 A. The YBCO films on
the Ba(Ce, Y)Os interlayer always showed c-oriented growth
(Fig. 10), sometimes mixed with the tilted grains.

The tilt angle of the tilted YBCO grains differed both from
the substrate tilt angle and the tilt angle of the 3DGE CeO,
layer (Fig. 8), and increased monotonously with the substrate
tilt angle, implying the 3DGE or some similar growth mech-
anism [Fig. 11(a), solid diamonds]. This effect was noticed
in [21], but no explanation was suggested. Assuming 3DGE
growth with a step height equal to ¢/3 = 3.933 A (on the early
stages of YBCO growth it tends to grow in the pseudocubic
form), we get the YBCO tilt angle very close to that of the
substrate (step height 3.864 A), with a deviation below 1° in
the whole possible range of tilt angles. The actual deviation
from the substrate tilt angle is much higher [Fig. 11(a)].

The explanation for the 3DGE growth with the ob-
served angles is also chemical interaction with forma-
tion of a very thin (not detected with XRD techniques)
Ba(Ce, Y)O3 layer between CeO, and YBCO films. This
layer is strictly aligned with the underlying CeO, film,
(100) Ba(Ce, Y) O3]|(100) CeO,, and the tilt angle of the
YBCO film is determined not by step height of CeO, layer
but that of Ba(Ce, Y)Os. From the atomistic point of view
we may assume chemical bonding of the surface CeO layer
with the incoming Ba atoms, with formation of a half of a
perovskite BaCeOs cell, providing out-of-plane lattice con-
stant (and, consequently, terrace step height) corresponding to
BaCeOs, not CeO,. We note that 1/2- or 1/3-lattice constant
as the height of the surface step was already mentioned before
[15,17]. The agreement with the 3DGE-sine model assuming
BaCeOs step height (4.31 A measured for small crystallites)
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FIG. 11. Orientational relations of YBCO films on CeO, layers and on CeO,/YSZ bilayers on TAS NGO. (a) The YBCO film orientation
follows the 3DGE-sine growth mode [Eq. (2)] both for films grown on a single CeO, layer (solid diamonds, solid line) and on CeO,/YSZ
bilayers (open diamonds, short-dashed line). Inset: Dependence of the strain in the YBCO film on the substrate tilt angle, crosses: single CeO,
layers, circles: CeO,/YSZ bilayers. (b) Absolute deviation from calculated tilt angle (3DGE-sine model, triangles) correlates with the width
of the rocking curve (circles). Solid symbols correspond to the YBCO films on single CeO, layers, open symbols YBCO films on CeO,/YSZ

bilayers. The lines are given as guides for the eye.

is impressive up to 27° [Fig. 11(a), solid diamonds]. Note
that down-bending of the calculated dependence [solid line
Fig. 11(a)] is determined by the tangent dependence of the tilt
of the CeO, layer [Fig. 4(a)]. Measured data for the CeO,
films at substrate tilt angles above 23° are absent, so the
curve Fig. 11(a) in this range was calculated assuming tangent
dependence for CeO, and sine formula for YBCO over the
intermittent Ba(Ce, Y )O3 layer.

The average deviation of the YBCO film orientation from
the calculated value remained small (~0.2°) until ~20°, and
rapidly increased for tilt angles above 20° [Fig. 11(b), solid
triangles]. The FWHM of the rocking curves repeated this
dependence [Fig. 11(b), solid circles]. The lattice constant ¢ of
the YBCO films was almost constant 11.684 & 0.007 A for all
tilt angles below 20°. Precise determination of the lattice con-
stants for higher angles was complicated due to the limitations
of the applied asymmetric geometry of the x-ray diffraction.
The strain Ad/d was estimated for the same angular range
0°-20°; the films can be divided into two groups, with very
low strain below 0.2%, and with strain increasing with tilt
angle to 1% and more [see inset Fig. 11(a)]. The increasing
dependence resembles strain behavior in the 3DGE YSZ films
on TAS NGO.

3. YBCO/Ce0,/YSZ/NGO

The trilayer YBCO/CeO,/YSZ structures were not stud-
ied extensively due to the low (30-80 A) thickness chosen
for the CeO, layers for the planned experiment. Still some
samples allowed measurements for all three layers (Figs. 8
and 9).

The YBCO films on the CeO,/YSZ bilayer show the
same orientational behavior as on the single CeO, layers:
c-oriented, 3DGE-oriented, and mixed-orientation films were
formed depending on conditions for the chemical reaction
with formation of a Ba(Ce, Y)Oj3 layer. The properties of the
3DGE grains are shown with open symbols in Fig. 11.

The tilt of the YBCO film [Fig. 11(a), open diamonds]
is described by the same sine model as in the bilayer case.
Introduction of the YSZ layer with sine 3DGE dependence
below a CeO, layer with tangent dependence results in a sig-
nificant difference (0.3°-1.0°) between the measured values
in the high-angle range, clearly distinguished with the applied
XRD techniques. The deviation from the calculated value is
slightly higher than for the YBCO 3DGE films on a single
CeO; layer [Fig. 11(b), open triangles], and increases at low
tilt angles (5°-8°). Unfortunately, there is no available data
for YBCO 3DGE films on a single layer for this angular
range. The YSZ 3DGE films showed a similar increase of
deviation for the 5°-10° range [Fig. 6(b)]. The width of the
rocking curve correlated well with the absolute deviation
value, similarly to the YBCO 3DGE films on a single CeO,
layer [Fig. 11(b), closed symbols]. The FWHM of the rocking
curve in the angular range 15°-20° does not differ much from
the measured values for YBCO 3DGE films on a single CeO,
layer.

The lattice constant of the 3DGE YBCO films on the
Ce0,/YSZ bilayers is the same as for the 3DGE YBCO films
on single CeO, layers: 11.684 4 0.005A, and also shows
no angular dependence. The evaluated strain is low for all
studied films, less than 0.25%, so all the YBCO films on
bilayers belong to the low-strain group of samples [see inset
Fig. 11(a)].
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4. YBCO/BaZrOs/NGO and YBCO/BaZr03/YSZ/NGO

To prove YBCO growth mechanisms on BaCeO3; we fabri-
cated a set of samples on TAS NGO with a 80-nm-thick buffer
layer of BaZrO; from an available commercial target. The
mechanisms of growth of c-oriented YBCO films on ZrO,
are very similar to the growth of c-oriented YBCO on CeO,,
so we expected similarity also in case of 3DGE growth, if
obtained on BZO.

The BZO films showed 3DGE behavior in the low-angle
range 0°-10°, and a change to standard growth mode for high
substrate tilt angle (24°, Fig. 7 diamonds). The YBCO films
were growing in mixed orientation, with a c-oriented main
part (>90%) and a 3DGE minor part (Fig. 7, squares). The
step height of YBCO during growth is close to the lattice
constant of NGO, so we expected back-rotation of the YBCO
(001) plane towards the substrate plane and almost coinci-
dence with the substrate (110) plane. This is exactly what
we observed in experiment: agreement between the calculated
and the measured values is better than 0.2° (Fig. 7, squares).
The breach of the 3DGE growth mode of BZO at high tilt
angles did not affect the 3DGE-sine growth mode of YBCO
on BZO: assuming a tilt angle of BZO resulting from the
3DGE growth (thin diamond, Fig. 7) we get a position of
the YBCO (001) plane exactly at the position calculated using
3DGE-sine model (thin square, Fig. 7).

To model the process of YBCO growth on CeO, we
deposited YBCO/BZO heterostructures in situ on a 3DGE
YSZ film on 16° TAS NGO. The result completely confirmed
our predictions: the tilted part of the YBCO film (20.26° tilt)
followed the 3DGE-sine model, with tilt angle of the bottom
layer equal to that of the YSZ film (~22°), but with a step
height equal to the lattice constant of BZO (4.2 A). This means
that at least part of the ~22.5-nm-thick BZO layer grows on
the 3DGE YSZ film in the standard mode, (100) BZO||(100)
YSZ. With the available equipment we could not detect these
standard-oriented BZO grains on the rocking curves, being out
of the scan range.

The main part of the YBCO/BZO heterostructure showed
the same properties as YBCO/Ba(Ce, Y)O3 layer on 3DGE
CeO, films. The main part of the BZO layer was growing
(100), (110), and (111) oriented, with c-oriented YBCO grow-
ing over these grains. Some part of the BZO layer followed the
3DGE-sine growth mode on tilted YSZ layer with tilt angle
of 19.28° (calculated value 19.35°). YBCO growth on these
3DGE BZO grains was not detected, neither in standard nor
in 3DGE orientation.

IV. DISCUSSION

The growth of films with significant tilt of SICP from habit
planes of the tilted-axes substrate are usually considered as
rare and, in some sense, exceptions from the general rule of
standard growth mode. Our results show that, in fact, for all-
metaloxide heterostructures the 3DGE growth mechanism is
more common than standard, especially for the angular range
below 20°.

A. Epitaxial issues

To start discussing the 3DGE growth mechanism we
should first revert to the question of epitaxy. In the very

beginning this term was used when the structure of the film
repeated the structure of the substrate. Rigorously only the
films of the same material as the substrate, but with different
dopant or with different level of doping, may be considered
epitaxial. This term sometimes was also used to describe
heterostructures in which the material of the film had the same
lattice structure as the substrate, and the lattice constants did
not differ much. Later the term epitaxy was used when a strict
relation could be established between crystallographic planes
and directions of the film and crystallographic planes and
directions of the substrate. These films were also known as
oriented films. The orientational relations with the substrate
for some of the oriented films were set by the atomic structure
of the substrate surface, and this class of film inherited the
name of epitaxial films, while the films for which some of
the orientational relations are set by film surface retained the
name of oriented films.

The films presented in this study show no parallelism
between some SICPs in the film and in the substrate, only
the tilt axis is bonding the film and substrate lattice in a strict
way. At the same time, the general orientation of the film is
set not by the surface of the film, but by the microstructure
of the substrate surface. The changes of the microstructure,
in particular, the distance between the edges of the terraces,
result in a change of the film orientation, in agreement with a
strict mathematical relation. From this point of view the films
are epitaxial, not just oriented.

The term graphoepitaxy, if it had been suggested in the
very beginning of the fabrication of epitaxial films, would
have been considered as an oxymoron, something like a “dry
liquid.” The orientation of the graphoepitaxial films was set
not by the atomic structure of the substrate, but by the macro-
scopic structures of the surface of the substrate. Actually, the
first graphoepitaxial films were fabricated from a material
with totally different crystal structure from the structure of
the substrate, making application of the term of “epitaxy” in
the strict meaning absolutely impossible. Still the term settled,
and at the moment the “graphoepitaxial” oriented films are
fabricated, discussed, and categorized in different types (see,
for example [30]).

Our films are (i) oriented and (ii) this orientation is set
by the surface features of the substrate, i.e., they can be
considered as graphoepitaxial. At the same time, the surface
features that set the orientational relations are determined
by the crystal structure of the substrate, and this makes our
films epitaxial in the modern meaning of the term. Thus,
the films grown by the 3DGE mechanism are epitaxial and
graphoepitaxial at the same time.

We would like to emphasize a third point: the bonding of
the lattices of the film and the substrate is realized in three
orthogonal directions: the tilt axis, the length of the terrace,
and the out-of-plane lattice constants set the orientational re-
lations in a unique way. Moreover, the translational distances
in all three directions are important for the film orientation,
as well as matching (and mismatching) of these distances in
the film and the substrate. This makes the discussed growth
mechanism essentially three dimensional, and justifies the
proposed name “three-dimensional graphoepitaxial,” 3DGE,
mechanism.
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B. Growth modes and models

Disregarding the complicated microstructural mechanisms
of formation of tilt in the films on TAS [11-13], we may
identify two simplified mechanisms of formation of the 3DGE
films: the overgrowth mechanism [15], and the simultaneous
seeding mechanism [16].

The first one suggests seeding of the film near the edge-
terrace joints, and growth of these from the terrace edge.
When the growing layer reaches the end of the terrace, it
encounters a different height of the surface that it should
overgrow, and accommodates this difference [Fig. 1(b)]. The
resulting angle depends on the length of the terrace d;, and
simple considerations result in the tangent model (1). This
growth mode corresponds to the graphoepitaxy of cases 2 and
3 in Fig. 1(b) in [30].

The second simplified model implies simultaneous seeding
of the film on neighboring “seeding knots” in the edge-terrace
joints [Fig. 1(c)]. In this case orientation of the film is formed
in the same way as for the standard growth mode, because
the seeding knots mimic the atom position in the atom-on-
atom epitaxial growth. The tilt angle of the film depends on
the distance between the seeding knots d;, and the resulting
model follows a sine dependence (2).

The two models hardly can be distinguished at tilt angles
below 10°, so previous studies never faced a necessity to
choose between these two mechanisms.

The first model seems to be more probable for small tilt
angles, because the lattice of the growing layer should settle
well before overgrowth would change the tilt angle. The
demand to “settle” the structure of the growing layer means
that at high angles this mechanism is improbable. Assuming
two unit cells as a smallest “settled” seed, we get the limit for
the tangent mode growth:

v: < arctan[c,/(2ay)], “4)

where a is the film unit cell size along the growth direction.

For CeO, growth on NGO this formula gives y, = 19.7°,
and, indeed, at angles above 20° the CeO, film deviates
towards the standard growth mode [Fig. 4(a)]. CeO, depo-
sition on YSZ formula (4) gives 25.5°, and the observed
deviation starts at 24°-25° (Fig. 9). The change of the growth
mechanism to standard for BZO on NGO at 24° (Fig. 7,
diamonds) also may be a result of limited angular range of
the tangent growth mode (y, = 24.7°). For YSZ on NGO the
limiting angle is 20.6°, but we cannot see a distinct trend
towards standard growth mode even for ~23.5°. Note that the
sine model provides a better fit for 3DGE growth of YSZ.
Similarly no pronounced deviation towards standard growth
at high angles was observed for YBCO on CeO,, another pair
of materials better described by the sine formula (Fig. 11).

The second simplified mechanism, simultaneous seeding,
to the contrary, is promoted by a small distance between the
seeding knots, and would be favorable at high tilt angles. At
small tilt angles the seeding would be more efficient for closer
placed seeding knots, so, taking into account a certain spread
of the distance d along the substrate surface, we may expect
slightly higher average tilt angles compared to the calculated
value. This is exactly what happens for YSZ on NGO (Fig. 6),
and for YBCO on CeO; [Fig. 11(b), open triangles].

40
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FIG. 12. Comparison of tilt of CeO, films on NGO TAS de-
posited by PLD (diamonds) and rf sputtering (squares, [19,20]) at
high substrate tilt angles.

Do we really observe two different 3DGE growth modes,
or is it just a measurement error? The data in Fig. 11(a) seem
to prove the presence of two different modes: the YBCO films
on a single CeO; layer and on a CeO,/YSZ bilayer show dif-
ferent angular dependence in the range 15°-20° because a sin-
gle CeO; layer fabricated by PLD follows the tangent mode,
while a YSZ layer below CeO, demonstrates sine dependence.
Comparison of CeO, films fabricated by different techniques
also seem to prove the existence of two different growth
modes (Fig. 12): the tilt of the PLD films at angles above 20°
downturns towards the standard growth mode, while for the
films deposited with sputtering techniques [19,20] the tilt still
follows the 3DGE mechanism, sine dependence.

The data on growth modes for different film-substrate
combinations are gathered in Table III. We could not unam-
biguously determine the factors that promote the overgrowth
mechanism or the simultaneous seeding mechanism. Still, as
much as we may conclude from the data in Table III, the com-
pressive strain promotes the overgrowth mechanism, while
films with tensile strain introduced by the underlying layer
tend to follow the simultaneous seeding mode. Compressive
strain, in the case of cubic film and substrate lattices, and
equality of step height and lattice constant, corresponds to
¢y > ¢, and increased tilt angle of the top layer compared to
the tilt angle of the bottom layer. Tensile strain, with the same
assumptions, corresponds to a decreased tilt angle of the top
layer, so the tangent mode seems to be typical for the increase
of the tilt angle due to the 3DGE growth mechanism, while the
sine mode for the decrease of the tilt angle. This is not so for
more complicated film-substrate matching, like YSZ/NGO,
when tensile strain (and simultaneous seeding mechanism) is
introduced into the film due to the 45° axes tilt in the habit
plane (110) NGO, but the film tilt angle y’ increases because
the step height of YSZ is higher than that of NGO (Fig. 6).

The dependencies of the critical parameters on the lattice
mismatch seem to confirm this observation: for example,
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TABLE III. Observation of sine and tangent growth modes for different film-substrate combinations.

Film/substrate Lattice mismatch® (%) Growth mode y,, measured/calculated (deg) Excessive tilt, value/range (deg) Comment

BZO/NGO —8.7-—8.8 tangent? (<24)/24.7 n/a

Ce0,/YSZ -5.0 tangent ~24.5/25.5 n/a

CeO, /NGO +1.0-+1.1 tangent 20/19.7 n/a by PLD
sine n/a no data by rf sputtering

YBCO/CeO, —1.8-—-0.1 sine n/a 0.7/6

YSZ/NGO +5.7-+5.8 sine n/a 2.5/(6-10)

YBCO/BZO +7.4-+8.9 sine® n/a (0.03/10)

Ba(Y,Zr)05/YSZ +11.5¢ sineP n/a no data

“Positive value corresponds to tensile strain, negative to compressive strain.

®Insufficient data for a reliable conclusion.
“No 45° in-plane rotation.

the deviation towards the standard mode for the overgrowth
mechanism seems to start at smaller angles for higher com-
pressive strain, as seen from the BZO/NGO, CeO,/YSZ, and
the CeO, /NGO pairs. The excessive tilt at small tilt angles
seems to increase with an increase of the tensile lattice mis-
match, when we compare the YBCO/CeO, and YSZ/NGO
combinations (Table III).

Two rows of Table III with small mismatches ~1% contra-
dict to this suggested rule: YBCO/CeO, (small compressive
strain, sine dependence) and CeO, /NGO (small tensile strain,
tangent dependence). If we suppose that the CeO, lattice
constant is ~1.5% higher than measured, we remove this
discrepancy: the lattice mismatch for CeO, /NGO becomes
weakly compressive (~ —0.5%), and for YBCO/CeO,,
weakly tensile (~ 4+0.6%), in good agreement with the
other data. The thermal expansion coefficients cannot ac-
count for such corrections, being almost the same for all
three materials [NGO : (4.5-9.0) x 107°K~! from differ-
ent references, CeO, : (8.5-9.5) x 107°K~!, and YBCO :
(11-13) x 10~ K~!]. The increase of the CeO, lattice con-
stant during deposition can happen as a result of incomplete
oxygenation (see discussion of oxygen removal from and
incorporation to, for example, in [31]), and 1.5% is not the
highest possible expansion. The missing oxygen could be
incorporated into the CeO, layer immediately after the depo-
sition, shrinking the lattice constant to the observed value.

For CeO, /NGO both mechanisms were observed for dif-
ferent deposition techniques. We note that for e-beam evap-
oration and rf sputtering the deposition rate is small, so
the CeO, film grows completely oxygenated, while for PLD
a certain amount of oxygen vacancies is generated in the
growing film, expanding the CeO, lattice. Tensile strain for
the completely oxygenated CeO, films would account for sine
mode for the e-beam evaporated and rf-sputtered films, while
an increase of lattice constant by more than 1% during PLD
would result in a compressive strain and tangent growth mode.

C. Orientational features

The width of the rocking curve is a parameter that sheds
light on the peculiarities of the 3DGE film formation. The
misorientation of the grains strongly depends on the seeding
mechanism, and differences in rocking curve width depen-

dence on angle imply formation of 3DGE films in different
ways.

A comparison of properties of CeO, films on NGO TAS
[Fig. 4(b)] and on YSZ 3DGE layers on NGO TAS (inset
Fig. 9) show clear similarities. The deviation from the cal-
culated curve slowly decreases from small-positive to small-
negative values until the threshold angle y;, when negative
deviation rapidly increases. This dependence is accompanied
by an increase of the width of the rocking curve until the
same threshold angle, after which it drops to smaller level.
Both sets of data can be brought to the same scale by plotting
the dependence on the film tilt angle instead of using the
substrate tilt angle, and by normalizing the deviation from the
calculated value by division on the inclination (¥’ — y) due
to the 3DGE growth mechanism. This transformation makes
visible the identity of the two dependencies [Fig. 13(a)].
Unfortunately, we have not enough data in the range 0°-10°
to present the complete dependence of the deviation from the
geometrical model (1).

The reasons for the misorientation of the grains of the
film were presented in [15]. The terraces on the substrate
surface are not equal, so a certain spread of the orientation
of the grains after overgrowth of the next step is present
from the beginning, and strongly depends on the size of
the grains of the film. If the grains are smaller than the
typical terrace length d;, the grains would grow following the
standard growth mode. This effect is clearly demonstrated in
[17], where the change of the growth mode to standard at low
deposition temperature is a result of a decrease of the size
of the CeO, grains. The combination of a distribution of size
of the grains and a distribution of the length of the terraces
results in a distribution of the orientation of the grains starting
from the standard mode and until film tilt angles exceeds the
calculated y; using the geometrical model. The spread of the
orientation of the grains will increase when step bunching
starts on the substrate surface, with formation of steps with
height 2, 3, and more times the ordinary height c¢;. For the
typical perovskite substrates step bunching starts at ~10°,
depending on preparation conditions [5], and we observe an
increase of the width of the rocking curve at ~13° [Fig. 13(a)].
The rapid decrease of the film tilt angle towards the standard
relations at angles above the threshold y; may be a result of
very small lengths of terraces, so that the overgrowth happens
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FIG. 13. Orientational properties of the 3DGE films with different growth mechanism. The overgrowth mechanism (a) shows an increase
of the rocking curve width accompanied by a slow decrease of the deviation from positive to negative values until after the threshold angle
FWHM of rocking curve decreases and the negative deviation rapidly increases. Open symbols: CeO, films on NGO TAS, solid symbols:
CeO; films on 3DGE YSZ film on NGO TAS. The simultaneous seeding mechanism (b) shows a gradual decrease of width of the rocking
curve from very high level obtained at very low tilt angles. The deviation shows a peak at ~12°. Note that the YBCO films (solid symbols)
were deposited over a YSZ layer (with a CeO, interlayer), so the observed agreement between YBCO and YSZ (open symbols) data may be
explained as inheritance of the properties of the bottom layer. The lines are given as guides for the eye.

over two or more steps and the geometrical model (1) becomes
invalid.

The dependencies for the sine model are completely dif-
ferent [Fig. 13(b)]. Even a small tilt of the substrate SICPs
results in a very broad rocking curve of the film. A very high
spread of the width of the rocking curve of the YSZ films on
a standard-oriented substrate [Fig. 6(b)] implies realization of
the 3DGE-sine mechanism even at very low tilt angles that are
always present on the surface of a standard-oriented substrate
due to inhomogeneous polishing. The rocking curves become
more and more narrow with an increase of the substrate tilt
until the FWHM of the rocking curves saturates at ~20°
(film tilt angle ~25°). The deviation from the calculated value
at this angle changes from positive to negative, but remains
small—no turn-down to the standard epitaxial relations was
observed for the 3DGE-sine growth mode in the whole studied
range, until ~35°. The highest deviation is observed at 5°—
10° [film tilt ~12°, Fig. 13(b)]. This dependence is well
explained by the simultaneous seeding mechanism. At high
tilt angles the seeding knots on the substrate surface form
a dense network, providing good conditions for seeding of
the grains with the exact tilt angle, determined by condition
(2). Both deviation and misorientation of the grains is small.
A decrease of the substrate tilt angle increases the distances
between the seeding knots and, hence, increases the width
of the distribution of d;. An immediate consequence is the
increased misorientation of the grains of the film and, hence,
the width of the rocking curve. This tendency remains the
same until very small angles, when the standard growth mode
becomes dominant. Another consequence of the increased
distance between the seeding knots is a shift of the distribution
of the orientation of the grains towards higher tilt angles.
The reason is a higher probability of seeding of a grain of
a certain orientation when the distance between the seeding
knots is smaller, i.e., with higher tilt angle. This effect is
less influential when all distances d; become long and the

probability of seeding becomes even. For the YSZ films this
happens for substrate tilt angles below 7° (film tilt angle
~12°).

YBCO on CeO; seems to grow in the 3DGE-sine mode
also (Fig. 11), but we could not observe the same effects
as for YSZ. The probable reason is the inheritance of the
tangent mode properties of the CeO, layer. The YBCO films
on a CeO,/YSZ bilayer shows dependencies similar to that
of YSZ [solid symbols in Fig. 13(b)] but, again, it may be a
consequence of the sine growth mode of the YSZ layer below.
The parameters of the YBCO films on a CeO,/YSZ bilayer
after normalization lies along the same lines as that of YSZ
3DGE films [Fig. 13(b)].

An excess of film tilt (0.5°-1°) over the calculated using
the geometrical model was observed for CeO, on Ni in
[17]. The angular range for this excessive tilt increased with
deposition temperature Tp from 1°-11° at 785 °C, to 1°-15°
at 700 °C, and 2°-15° at 600 °C (the upper angular limit
for the excessive tilt is observed only for the highest Tp).
Assuming simultaneous seeding over a step, we get higher
probability of seeding on long distances d, with increased Tp,
and, hence, a shift of the excessive tilt range to smaller tilt
angles.

D. Effect of surface features

The 3DGE growth mechanism essentially depends on the
morphology of the substrate. Rigorous preparation of the
substrate surface by chemical etching and annealing at high
temperature (surface reconstruction) results in a regular se-
quence of uniform steps one-unit-cell high. Such a substrate
provides the most refined conditions for testing certain growth
effects and mechanisms.

Unfortunately, our depositions were performed on the sub-
strates with no special treatment to form the SICP-faceted
growth steps. The substrate showed a very smooth surface,
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FIG. 14. Examples of 3DGE growth in studies of other groups. (a) YBCO deposition over YSZ TAS with (open squares, [23]) and without
(solid squares, [22]) Y,Oj3 buffer layer. (b) YBCO deposition over CeO, layer on sapphire TAS [22]. Note that Y,03 over YSZ and CeO, over

sapphire grow in the standard mode.

with roughness R, less than 2 A, with no oriented or elongated
features even for the TAS with high tilt angle. Observation of
such a morphology implies the presence of damaged “amor-
phous” areas at least on some part of the substrate surface. Ap-
plicability of the geometrical growth mechanisms [Figs. 1(b)
and 1(c)] was under serious doubts. Still the 3DGE growth
mechanism was reliably detected for the majority of the
tested top layer/bottom layer combinations. We may conclude,
that even substrates that were not undergoing the surface
reconstruction procedure provide good enough conditions for
realization of the 3DGE growth. In fact, the 3DGE mechanism
was not observed only when the bonds between film and
bottom layer were broken by intense chemical interaction
(YBCO on YSZ, and, for some deposition conditions, on
CeO, and BZO0), and when the film and substrate were of the
same crystal structure and the lattice mismatch between them
was small ~1% (YBCO on NGO).

Considering the effect of the surface morphology on the
formation of the 3DGE films, we notice that even after severe
step bunching (5° tilted from (0001) plane sapphire substrates
after annealing at 1500 °C showed steps ~40 A high [15])
the substrates provided good enough conditions for the 3DGE
growth, i.e., both damaged amorphous surfaces and high steps
after step bunching still allow growth by the 3DGE mode,
implying a very high tolerance of this growth mode to the
surface conditions.

One more important issue referring to the substrate surface
preparation is the orientation of the tilt axis. In our experi-
ments the tilt axis was quite close to the [001] axis of the sub-
strate, providing good conditions for “initial” matching of the
film and substrate lattices. We cannot confidently claim that
the film orientation will follow the 3DGE growth mode if the
tilt axis is chosen along some other crystallographic direction.
It is known that the change of the orientation of the surface
features can influence orientation of the growing films (see,
e.g., [32-34]). Experiments in semiconductor heterostructures
showed a broad variety of effects of changing the tilt axis
direction in the habit plane. Already in [8] the 3DGE growth
mode of Ga(In)As was observed along the (—110) direction

on the GaAs (001) plane, but not along orthogonal (110)
direction. In [11] CdS, growth on sapphire showed 3DGE
growth for all orientations of the tilt axis, while Si on sapphire,
similarly to [8], showed the 3DGE behavior for tilt along only
one of two orthogonal directions. The reason was different
surface morphology resulting from miscut in nonsymmet-
ric crystallographic directions [11]. The most complicated
film tilt mechanism was observed in [35], when misfit level
changed not only the film tilt angle, but also direction of tilt
as seen from the habit plane. Ni grains orientations in [17]
were “randomly” distributed along a predominant orientation,
so the tilt axes on different grains were randomly oriented
in the habit plane. All CeO, grains showed the same 3DGE
growth mode, implying completely isotropic behavior of ceria
on Ni [17]. In our case changing the tilt axis to [111] (45° tilt
from the [001] direction in the (110) habit plane of NGO)
may result in 3DGE growth with the same relations along
the habit plane, or 45° tilt of the film axes in habit plane,
or in 45° tilt of the film axes normal to the habit plane—all
these initial orientational relations are possible and should be
checked experimentally for each pair top layer/bottom layer.
We even cannot claim that the 3DGE mechanism would be
preserved if the tilt axis is changed.

E. Evidences of 3DGE growth in all-metaloxide
heterostructures in the literature

In the Introduction part of this paper we mentioned some
observations of the 3DGE growth mode by other groups. In
fact, these observations are more numerous, but sometimes
these data were misinterpreted or left without explanation.

In [22] two combinations film-substrate (YBCO/YSZ and
YBCO/CeO,/Al,03) were studied in a wide angular range,
0°-14°, orientation of both is finely described by the 3DGE
growth mechanism. YBCO grows over YSZ in the same
way as YBCO over CeO, in our experiments, with for-
mation of Ba(Zr, Y)Os interlayer aligned with the YSZ
SICPs [Fig. 14(a), solid squares]. YBCO over CeO, fol-
lows the 3DGE-sine growth mode assuming no chemical
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interaction between YBCO and CeO,, but CeO, grows on
sapphire according to the standard mode, with parallel SICPs :
(001) CeO,||(1 — 10 2)Al,05 [Fig. 14(b)]. Actually, agree-
ment with the 3DGE-tangent mode is marginally better, but
we decided to keep the sine model in agreement with our
results. Anyway, the difference between the sine and tangent
modes in the 0°-14° range is less than 0.15°, being hardly
distinguishable without special precautions during measure-
ment. Note that a very good agreement is obtained using
lattice constants for YBCO (11.685 A), YSZ (5.149 A), CeO,
(5.405 A), and Ba(Y, Zr)Os (4.31A), as measured in our
experiments. No attempts to improve conformity by fitting the
lattice constants was done.

Another example of 3DGE growth is presented in [23].
The YBCO films buffered by a Y,03 layer on a YSZ TAS
showed a pronounced tilt of the SICP from the habit plane
of the substrate in the range 3°-36°. Again we get a good
agreement between the presented numbers and calculated us-
ing formula (1), assuming chemical interaction with formation
of Ba(Y, Zr)O3 with the same orientation of the SICP as that
of the substrate and buffer layer [Fig. 14(a), open squares].
A tendency towards standard growth mode is observed at
high angles, similarly to our results with BZO deposition on
NGO TAS (Fig. 7), so we used the tangent model for the
calculation. The agreement with the geometrical model is less
accurate compared to [22] results, either due to an unknown
composition of the product of chemical interaction in the
beginning of the YBCO film growth, or simply as a result of
the approximate numbers given in [23].

Deposition of YBCO on YSZ layer in our experiments al-
ways resulted in c-oriented YBCO films, in contradiction with
the results [22], where 3DGE growth started after initial chem-
ical interaction with formation of Ba(Y, Zr)Oj3 layer. Yttrium
segregation on the YSZ substrate surface during substrate
preparation may be the reason, forming a Y(Zr),03/YSZ
surface layer similar to Y,03/YSZ in [23]. Such segregation
is expected at high oxygen partial pressure, during annealing
of the substrates after CMP, or during the prebake step imme-
diately before deposition [36].

Theis and Schlom [24] present a much more complicated
heterostructure, where tetragonal PbTiO3 grows on a SrTiO3
TAS in two different orientations. Accurate modeling of the
growth mode demands precise measurement of the lattice
constants that are affected by stoichiometry and substrate-
induced strain. Still the agreement with the geometrical model
is more than qualitative. In [37] a significant distortion of the
lattice should be taken into account to obtain agreement be-
tween the geometrical model and the observed data. Reference
[35] also notes importance of possible tetragonal distortions
introduced by the substrate. These experiments demonstrate
that the good agreement between calculated and measured
values in our experiments is, in some sense, a coincidence,
at least when such materials as CeO, are considered. The
structure of CeO; is easily distorted by the substrate-induced
strain, and the lattice constant of ceria strongly depends on
density of oxygen vacancies generated during deposition (see,
e.g., [17,31,38]). Reasonable agreement of the experimental
data with the simplified model (1) is, to some extent, a for-
tunate combination of circumstances, including oxygenation
during and after deposition, and thickness of the films high

enough to ignore the substrate-induced strain in the interface
area.

The possible effect of lattice distortion can be illustrated
with results of [18] [see Fig. 2(a)]. The critical angle y.,
calculated using standard ceria lattice constant, is smaller than
the observed one (30.4° and 32°, respectively). Taking into ac-
count tetragonal distortion of ceria by the substrate-introduced
tensile strain [assuming volume-preserving distortion and
strain introduction only along the habit plane (110) NGO],
we obtain y, = 31.2°, in better agreement with the measured
value. In fact, such estimation should consider also the strain
introduced by the edges of the steps on the substrate surface,
a decrease of the unit cell volume in the strained lattice, and
expansion of the lattice due to oxygen nonstoichiometry dur-
ing deposition. All these factors are decreasing the calculated
¥, SO the accurate estimation would be in between 30.4°
and 31.2°. For our CeQO, films fabricated by PLD we do not
observe a substantial tetragonal distortion. The ceria lattice
constant measured along the normal to habit plane (110)
NGO showed no dependence on angle and remained close to
the value measured for the standard-oriented substrate. With
increasing tilt angle the effect of mismatch with the habit
plane is decreasing, and the counteracting strain introduced by
the step edges is increasing. Constant lattice parameter, thus,
means that the film grows independently on the substrate-
induced strain and the lattice constant depends mainly on the
deposition conditions (and corresponding density of oxygen
vacancies in the film). An indirect proof of weak effect of
tetragonal distortion for our films is a good match between
the calculated and measured film tilt values (Fig. 4).

Hoek et al. [39] provide another example of a more compli-
cated mechanism matching top and bottom layers. The SICPs
of La(Sr)CuOy4 grown on a 26° ramp etched of Nd(Ce)CuOy4
demonstrated a 3.3° inclination to the SICPs of the bottom
layer. The inclination monotonously changes with the tilt
angle of the ramp. The geometry of growth and the behavior
of the inclination are similar to that discussed in our study, but
application of the simple geometrical model gives a smaller
tilt angle of 2.8°. Authors [39] suggest a more sophisticated
mechanism of matching of corresponding facets, say, (3 0 19),
of the top and bottom layers during growth, with simultaneous
matching of both in-plane and out-of-plane lattice constants.
This approach provides excellent agreement with the observed
tilt angle between the SICPs of two layers. Similar results can
be obtained for twin boundaries [39], where facet matching is
the obvious mechanism of strain accommodation on the grain
boundaries. References [11] and [40] also point out matching
at higher symmetries (symmetric [11] and asymmetric [40]
boundaries) as an alternative to the simple geometrical match-
ing at the film-substrate interface.

V. CONCLUSION

We studied growth by PLD of metaloxide thin films on
NdGaO; substrates with the surface tilted from the stan-
dard (110) crystallographic plane. Eight of ten studied top
layer/bottom layer combinations showed a growth mode re-
sulting in an inclination between the SICPs of the top layer
and the corresponding SICPs of the bottom layer. The ob-
served dependence of top layer tilt angle on the tilt angle of
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the bottom layer is well explained by a simple geometrical
growth model, taking into account faceting of the surface
of the bottom layer. The resulting growth mode depends
both on standard atom-on-atom epitaxial matching along the
tilt axis, graphoepitaxial matching in the normal to tilt axis
direction in the substrate plane, and on the ratio of growth
steps heights of the top and bottom layer, i.e., the matching
of the top and the bottom layer is three dimensional. This
growth mechanism may be described as a three-dimensional
graphoepitaxial (3DGE) growth.

The 3DGE growth mechanism seems to be quite common
for deposition on TAS with tilt angles more than 5°. PLD,
rf sputtering [19,20], e-beam evaporation [18], and even LPE
[15] provided conditions good enough for the 3DGE growth.
No special substrate treatment is needed, even substrates with
damaged amorphous surface or with step bunching [15] are
suitable. The 3DGE growth mechanism is observed in mul-
tilayer structures, both when the bottom layer follows 3DGE
mode and when it grows with standard epitaxial relations. The
3DGE growth was observed both with increase and decrease
of the top layer tilt angle compared to the tilt angle of the
bottom layer.

Two different 3DGE dependencies may be distinguished
in the high-angle range (>15°): with a tendency towards
standard growth above some threshold angle, and retaining
3DGE behavior until a tilt angle of 45° is reached, either
by top or by bottom layer. The first type is better described
by a tangent angular dependence, and usually is observed

when a compressive strain is induced in the top layer. The
second type follows a sine dependence, and is usually seen
for tensile-strained top layers. An increase over the calcu-
lated value tilt is often observed in the range 5°—10° for the
sine-type dependencies. In a simplified way the difference
may be attributed to two different formation mechanisms,
“overgrowth” and “simultaneous seeding.” The first one forms
the tilt different from the bottom layer when the growing
grain overgrows another grain. For the second mechanism
the top layer tilt is formed right when the grain is seeded.
Some material combinations showed both dependencies, for
different deposition conditions. The reasons for realization of
each of these dependencies should be clarified.

The results presented in this paper were obtained for ma-
terials with a simple cubic lattice (or the lattice that can be
reduced to a pseudocubic during growth at high deposition
temperature). Reports from other groups point to the fact
that a simple geometrical model of 3DGE growth may be of
limited validity in cases of more complex lattices, when the
top layer experiences significant distortions due to a bottom
layer induced strain, or when the boundary between two layers
exhibits mirror or central symmetry.
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