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of epitaxial NdBa2Cu3O7�x films by
laser chemical vapor deposition
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Epitaxial NdBa2Cu3O7�x films were prepared on (100) LaAlO3 single crystal substrates by laser chemical

vapor deposition (laser CVD). The effect of deposition temperature on preferred orientation, crystallinity,

microstructure, deposition rate of films was investigated. The preferred orientation of the NdBCO films

changed from a, c-axis to c-axis, then back to a, c-axis, as the deposition temperature was increased

from 993 to 1093 K. The highly c-axis-oriented epitaxial NdBa2Cu3O7�x film with critical transition

temperature of 87 K was obtained at Tdep ¼ 1033 K, with the in-plane epitaxial orientation relationship of

NdBCO [100]kLAO [010] and NdBCO [010]kLAO [001]. The growth orientation varied from a-axis to c-

axis as the film thickness increased in the case of the a, c-co-oriented NdBCO film. The contribution of

thickness-dependent strain relaxation to preferred orientation of the NdBCO films was also discussed.
1. Introduction

Since the discovery of high temperature superconductivity in
REBCO (RE ¼ rare earth element) family materials, NdBa2Cu3-
O7�x (NdBCO) has attracted extensive attention for its high
critical temperature (Tc) and critical current density (Jc).1–3

Meanwhile, NdBCO lms were also reported for the distinct
advantages of better crystallinity and higher surface stability
over YBa2Cu3O7�x (YBCO) lms, enabling multilayers with
excellent epitaxial quality.4–6

For NdBCO crystal, critical current along the ab-plane is far
superior to that along the c-axis, because of the difference
between the coherent length (x) along the ab-plane (1.5–2 nm)
and the c-axis (0.2–0.3 nm) of NdBCO.7 Therefore, c-axis-
oriented and well ab-aligned NdBCO lm possesses high-
ranking superconducting properties. As a matter of fact, c-
axis-oriented epitaxial growth of NdBCO lms has been studied
under the cases of various fabrication techniques, including
metal organic chemical vapor deposition (MOCVD),8,9 pulsed
laser deposition (PLD),10,11 magnetron sputtering.12–14 These
studies supposed that the deposition temperature (Tdep) was the
gy for Materials Synthesis and Processing,

i Road, Wuhan 430070, People's Republic

kobe0104@gmail.com

logy for Automotive Components, Wuhan

hina

iversity, 2-1-1 Katahira, Aoba-ku, Sendai

gy, Tokyo Institute of Technology, Tokyo

, 2-1 Hirosawa, Wako, Saitama 351-0198,

hemistry 2018
key factor affecting the growth orientation, and as the lm
thickness increased, the strain relaxation in the lm would also
have a certain effect on the growth orientation. However, the
contributions of Tdep and thickness-dependent strain relaxation
on microstructure of c-axis-oriented epi-layers were not fully
understood.

We adopted laser chemical vapor deposition technique (laser
CVD)15–17 to fabricate NdBCO lms by continuously introducing
a xed-wavelength laser beam with high energy density. Laser
CVD is able to prepare lm at sufficiently high deposition rates
with signicant orientation.18–21 The laser beam not only has
a simple heating effect, but also can induce decomposition of
the metal organic precursors and decrease the activation energy
of chemical reaction occurring on the substrate.22,23

In this study, we prepared epitaxial NdBCO lms by laser
CVD. The effect of deposition temperature (Tdep) on preferred
orientation, crystallinity, microstructure, deposition rate and
the effect of thickness-dependent strain relaxation on preferred
orientation of the NdBCO lms were investigated.
2. Experimental

A schematic of laser CVD apparatus is depicted in Fig. 1. The
NdBCO lms were grown on (100)-oriented LAO single-crystal
substrates (5.0 mm � 10.0 mm � 0.5 mm, Hefei Kejing Inc.,
China). The source materials were Nd(DPM)3, Ba(DPM)2,
Cu(DPM)2 (Toshima Manufacturing Co. Ltd., Japan), where
DPM represents dipivaloyl-methanate, all of which were loaded
into three individual sealed heaters. The gas pipelines were
equipped with the heating zones for controlling temperature to
prevent the condensation of source gas. The LAO substrate was
rst ultrasonically cleaned in alcohol for 20 minutes and blown
RSC Adv., 2018, 8, 19811–19817 | 19811
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Fig. 1 A schematic of laser CVD apparatus.
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dry with nitrogen gas and placed on a substrate holder in the
chamber. Then, the LAO substrate was preheated via laser
irradiation at 873 K for 1800 s aer deposition chamber was
evacuated to 50 Pa. Nd(DPM)3, Ba(DPM)2, Cu(DPM)2 were
vaporized at the temperature of 478, 576, 443 K and introduced
into the chamber by Ar gas ($99.999%, Wuhan Minghui Inc.,
China) at the ow rate of 100, 120, 80 sccm, respectively. O2 gas
($99.995%, Wuhan Minghui Inc., China) was introduced into
the chamber as the reactant gas at the ow rate of 400 sccm
during the deposition. The total pressure (Ptot) in chamber was
xed at 700 Pa. The deposited region was irradiated by IR-laser
(LHTC-200, Beijing ZK laser, China) with a wavelength of
808 nm at the angle of 45� during the deposition. The Tdep was
993–1093 K by controlling the laser power, and measured by an
infrared pyrometer (CT laser, Optris, Berlin, Germany). The
deposition time was 600 s. The distance between the nozzle and
the substrate was 50 mm. Aer deposition, The NdBCO lm was
heat-treated at 673 K for 3600 s in O2 atmosphere (100 kPa).

The crystal phases, out-plane and in-plane orientation of the
deposited lms were examined by X-ray diffraction (XRD) using
an attachment for pole gures (Rigaku Ultima III, Tokyo, Japan;
40 kV, 40 mA) with Cu-Ka radiation (wavelength ¼ 0.15406 nm).
The degree of the c-axis preferred orientation (f) of the NdBCO
lms was calculated by using the Lotgering formula as shown as
eqn(1):24

f ¼ P� P0

1� P0

(1)

where, P ¼
P

Ið00iÞ
P

IðhklÞ
and P0 ¼

P
I0ð00lÞ

P
I0ðhklÞ

. P represents the ratio of

the XRD intensity of all the (00l) peaks to the XRD intensity of all
the (hkl) peaks of the NdBCO lms from 5� to 80�. P0 represents
the corresponding ratio of the random-oriented NdBCO bulk
(JCPDS #89-5734). The crystallinity of NdBCO lm was evaluated
from the full-width at half-maximum (FWHM) of the 4-scan on
19812 | RSC Adv., 2018, 8, 19811–19817
the (116) reection. The lm composition was analyzed by X-ray
photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo sher
scientic, USA). Aer Shirley-type background subtraction, the
raw XPS spectrums were tted for quantication analysis.
Deposition rate (Rdep) was calculated from the thickness and
deposition time. The schematic diagram of the crystal growth
relationship was drawn by VESTA soware (Ver.3.1.0, 64-bit
edition). The microstructure of NdBCO lms was observed by
a eld emission scanning electron microscopy (FESEM, FEI
Quanta-250, 20 kV, USA). The electron diffraction and high
resolution lattice fringe of deposited lm, and interface
between the lm and substrate were observed by transmission
electron microscopy (TEM, JEOL JEM-2100, 200 kV; Tokyo,
Japan). The temperature dependence of electrical resistivity (R)
of the NdBCO lms was measured with a standard four-point-
probe using a physical property measurement system (PPMS9,
Quantum Design, USA) in the range of 10–300 K. The c-axis
lattice parameters of the c-axis-oriented NdBCO grains were
obtained from the Maud renement analysis on the diffraction
data from the experimental results.

3. Results and discussion

Fig. 2(a) shows XRD patterns in logarithmic scale of the NdBCO
lms prepared on the LAO at Tdep ¼ 993–1093 K. Temperature
had a signicant inuence on the growth orientation of the
lms. The variation of growth orientation with temperature can
be divided into three stages. At the rst stage from 993 to 1013
K, NdBCO lms with a mixture of a-axis and c-axis orientation
were prepared. c-Axis-oriented NdBCO lms were obtained at
the second stage (1033 K), due to the sufficient energy provided
for atomic migration to form c-axis conguration. With
temperature increasing to the third stage (1053–1093 K),
NdBCO lms showed a, c-axis-co-oriented again and the
impurity phase of Ba2CuO3 appeared at Tdep ¼ 1053 K. This
trend of orientation change is different from the ones reported
in the former documents that growth orientation would change
monotonously from a-axis to c-axis with increasing tempera-
ture.11,25–27 The possible reason of this phenomenon is that the
laser with higher output power causes more intense collisions
of the gas reactant molecules in the laser radiation zone,
resulting in a signicant decrease in the energy of the deposited
atoms. As a result, a-axis-oriented grains would appear because
of the insufficient atomic migration. Fig. 2(b) further quanti-
tatively describes this change trend of NdBCO lms growth
orientation. At Tdep¼ 993–1033 K, f for the c-axis increased from
0.39 to 1.00, suggesting a fully c-axis-oriented NdBCO lm
formed. Then, f for the c-axis declined and remained almost
unchanged near f ¼ 0.50 in the temperature range from 1053 to
1093 K. These results indicate that the c-axis-oriented NdBCO
lms can only be stably prepared at a strictly limited tempera-
ture range of 1033 to 1053 K for laser CVD. Fig. 2(c) shows the
temperature dependence of the FWMH of the 4-scan on the
(116) reection prepared at Tdep ¼ 993–1093 K. As it was shown
in Fig. 2(c), the FWHM value of the 4-scan rstly decreased from
2.20� to 0.91� in the range of 993–1033 K and then increased to
1.82� with increasing Tdep to 1093 K. The lowest FWHM value
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 The surface migration models in the case of (a) c-axis- and (b)
a-axis-oriented NdBCO films.

Fig. 4 Pole figure patterns of the (116) reflection of NdBCO films
prepared at Tdep ¼ 1033 K (a) and 1053 K (c), and those of the (111)
reflection of the LAO substrate. Schematic diagram (b) and (d) are their
epitaxial relationship of NdBCO films and LAO substrate, respectively.
((116)c-axis denotes planes from c-axis-oriented grains, (116)a-axis

Fig. 2 Characterization of the effect of Tdep on the structure of
NdBCO films prepared at Tdep ¼ 993–1093 K. (a) XRD patterns of the
NdBCO films. (b) The degree of c-axis orientation of the NdBCO films
as a function of Tdep. (c) FWHM of 4-scan on the (116) reflection of
NdBCO film as a function of Tdep.
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was 0.91� at Tdep¼ 1033 K. Combined with the result of the XRD
patterns (Fig. 2(a)), it indicates that the NdBCO lm of c-axis
orientation possesses the highest crystal quality.

This trend of temperature dependence of growth orientation
can be demonstrated by the growth models of the NdBCO lms
under different cases as shown in Fig. 3. Considering the atomic
arrangement of the crystal, the ideal surface of the c-axis-
oriented grains (i.e., (00l) plane) can only accommodate one
specic layer of a single cation (Re, Ba, Cu) due to the charac-
teristic of two-dimensional layered structure of REBCO.28

Therefore, as shown in Fig. 3(a), the deposited atoms have to
migrate over a long distance to occupy the specic position for
c-axis growth, which is considered more stable than a-axis
growth thermodynamically. In contrast, the surface of the a-axis
grains can accommodate any elements Re, Ba, Cu and O
without much migration so that a-axis grains are more easily
formed in the aspect of kinetics (shorter migration distance:
Fig. 3(b)). Consequently, the control of the crystal growth
orientation is actually a matter of the regulation of the ther-
modynamics and kinetics factors, which means that a-axis-
This journal is © The Royal Society of Chemistry 2018
oriented lms can be grown at a lower energy and c-axis-
oriented ones need higher migration energy for crystalliza-
tion.29 Meanwhile, the laser with excessive power density would
not only cause the violent collisions of the gas molecules, but
also the damage of the surface condition, such as steps, etch
pits and micro-cracks, resulting in the a-axis-oriented
grains.30,31

Fig. 4 shows the pole gures from the (116) reection of the
NdBCO lms prepared at Tdep ¼ 1033 K and 1053 K, and those
from the (111) reection of the LAO substrate. The epitaxial
relationships between these two NdBCO lms and LAO
substrate are depicted in Fig. 4(b) and (d), respectively. The pole
gure from the (116) reection of the NdBCO lm prepared at
Tdep ¼ 1033 K exhibits a fourfold pattern at an elevation angle
(a) of 55� (Fig. 4(a)), which was attributed to the NdBCO {116}
planes with a complementary angle of 35� to the NdBCO (001)
denotes planes from a-axis-oriented grains).

RSC Adv., 2018, 8, 19811–19817 | 19813
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Fig. 5 Surface and cross-section morphology of the NdBCO films
prepared at Tdep ¼ 993–1093 K and the corresponding growth modes.

Fig. 6 TEM characterization of the c-axis-oriented NdBCO film
prepared at Tdep ¼ 1033 K. (a) TEM BF image of the c-axis-oriented
NdBCO film. (b) HRTEM image of the squared region in (a). (c) SAED
pattern of the squared region in (a). A projection of a unit cell of
NdBCO in [100] direction is depicted in the boxed region of (b).
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plane. Furthermore, there was no any other peaks identied in
the pole gure, suggesting a fully c-axis-oriented NdBCO lm.
The azimuth angles (b) of the four reections of the NdBCO
(116) plane were identical to those of the LAO (111) plane,
indicating the epitaxial relationship of NdBCO [100]kLAO [010]
and NdBCO [010]kLAO [001] for the c-axis-oriented NdBCO
lms, as shown in Fig. 4(b).

The pole gure from the (116) reections of the NdBCO lm
prepared at Tdep ¼ 1053 K exhibits a fourfold pattern at
approximately a¼ 55�, and two sets of identical fourfold pattern
at approximately a ¼ 24� with an azimuthal angular rotation of
90� from each other (Fig. 4(c)). The fourfold pattern at a ¼ 55�

originated from the c-axis-oriented NdBCO grains and was
attributed to the NdBCO {116} planes with a complementary
angle of 35� to the NdBCO (001) plane. The two sets of identical
fourfold pattern at a ¼ 24� originated from the a-axis-oriented
NdBCO grains and were attributed to the NdBCO {116} planes
with a complementary angle of 66� to the NdBCO (001) plane.
The fourfold pattern of the NdBCO {116} planes appeared twice,
with a repeating angle of 90�, which was ascribed to a 90�

twinning structure of a-axis-oriented grains.32 Each pole of the
NdBCO {116} planes had an azimuth angle (b) of 18� from its
adjacent LAO {111} plane pole. This result is in agreement with
the calculated azimuth angle between the pole of the LAO (111)
plane in the [100] projection and that of the NdBCO (116) plane
in the [100] projection.32 Therefore, both b- and c-axis of the a-
axis-oriented NdBCO grains were aligned with those of the LAO
substrate. Accordingly, a schematic diagram of epitaxial rela-
tionship of the a, c-axis-co-oriented NdBCO lms and the LAO
substrate is proposed in Fig. 4(d), where the 90� twinning
relationship is also presented.

Fig. 5 shows surface and cross-section secondary electron
images of the NdBCO lms prepared at Tdep ¼ 993–1093 K. The
lm prepared at Tdep ¼ 993 K shows many discrete particulates
because of the insufficient energy for atoms migration,
revealing the typical island growth mode. With increasing Tdep
to 1013 K, the lm becomes continuous with rectangular
outgrowth particles, identied as a-axis grains.33 This is due to
faster growth of NdBCO along the a-axis than the c-axis.34 The
lm deposited at Tdep ¼ 1033 K shows a uniform dense surface
morphology, indicating the layer growthmode. According to the
result of XRD patterns (Fig. 2(a)), this is attributed to the fully c-
axis-oriented NdBCO lm. The Nd : Ba and Nd : Cu ratios of the
NdBCO lm were estimated, by the XPS quantication analysis,
to be 1 : 2.13 and 1 : 2.71, respectively. The ratios were close to
the standard stoichiometric ratios of NdBCO lms. At Tdep ¼
1053 K, the lm exhibits a terraced surface with a few holes. The
a-axis grains of NdBCO lms deposited at Tdep ¼ 1073 K and
1093 K shows two distinctive shape characteristics: the isolated
rectangular ones with regular arrangement along the axes of the
underlying LAO template and the elongated ones with random
orientation, suggesting that increasing temperature would
cause change of in-plane orientation of a-axis grains. The
growth rates of the lms from 993–1093 K are between 3.6–22.2
mm h�1 according to the cross-section secondary electron
images. Also, the corresponding growth modes are demon-
strated in Fig. 5.
19814 | RSC Adv., 2018, 8, 19811–19817
Fig. 6 shows a TEM bright-eld (BF) image, a high resolution
transmission electron microscopy (HRTEM) and selected area
electron diffraction (SAED) pattern of the c-axis-oriented
NdBCO lm prepared at Tdep ¼ 1033 K. In Fig. 6(a), it can be
observed that the lm and the substrate were combined
smoothly. The SAED pattern (Fig. 6(c)) from the NdBCO grains
in the square region conrms that the h001i direction of NdBCO
lm was normal to the substrate surface and that the h100i
direction of NdBCO lm was parallel to the interface, indicating
c-axis-oriented growth. HRTEM image reveals a well crystallized
lm with ordered arrangement of atoms along [001] direction. A
projection of a unit cell of NdBCO in [001] direction is indicated
in the boxed region of Fig. 6(b). In addition, it can be noticed
that there are small variations in contrast in some areas of the
NdBCO lm. These contrast changes indicates small variations
in local crystal orientation.35 Such misorientations might have
arisen during lm growth, resulting in stress accumulation in
the lm.
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 TEM characterization of the a, c-axis-co-oriented NdBCO film
prepared at Tdep ¼ 1053 K. (a) TEM BF image of the a, c-axis-co-
oriented NdBCO film. (b) HRTEM image of the interface. (c)–(e) SAED
patterns taken from the (b, d and e) circular region in (a), respectively.

Fig. 8 Temperature dependence of resistivity of the NdBCO films
prepared at Tdep ¼ 1033 K and 1053 K, respectively.

Fig. 9 (a) The strain (3) of c-axis as a function of film thickness. (b) XRD
patterns of the NdBCO films with different thicknesses prepared at
Tdep ¼ 1033 K.
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Fig. 7 shows a TEM bright-eld (BF) image, a high resolution
transmission electron microscopy (HRTEM) and selected area
electron diffraction (SAED) patterns of the a, c-axis-co-oriented
NdBCO lm prepared at Tdep ¼ 1053 K. The SAED patterns
were collected at the same specimen tilting. A well-dened
interface with a thickness of 1–2 atomic layers is observed as
shown in HRTEM image (Fig. 7(b)), where the structures of
NdBCO and LAO were closely aligned. The SAED patterns from
the interface conrms that the h100i direction of the lm was
parallel to the h100i direction of the substrate, suggesting the a-
axis epitaxial growth at the interface. Meanwhile, it further
illustrates that the in-plane epitaxial relationship for the a-axis-
oriented NdBCO grains was NdBCO [010]kLAO [010] and
NdBCO [001]kLAO [001]. However, NdBCO grains marked by
Fig. 7(d) and (e) represented two different growth orientations
(the part near the substrate is a-axis oriented and the part near
the surface is c-axis oriented). This phenomenon indicates that
the a-axis-oriented grains nucleated rstly in the early deposi-
tion stage, because at the beginning of deposition, a trans-
parent LAO substrate would reect part of laser energy, and at
the same time, the collision of the gas reactant molecules
becomes more intense with higher energy laser irradiated,
consuming the molecular kinetic energy, in that way, the
deposited atoms without sufficient migration energy would
tend to form a-axis conguration. As the deposition continued,
the lm with a certain thickness formed and began to absorb
the major energy from the laser. Therefore, there was sufficient
energy for atoms to migrate to form c-axis-oriented grains. This
phenomenon of orientation change with the increase of thick-
ness was also observed in b-SiC lms deposited on (100) Si
substrates via CVD.36,37 The TEM result is consistent with the
description of the pole gure.

Fig. 8 displays the temperature dependence of electrical
resistivity (R) of the NdBCO lms prepared at Tdep ¼ 1033 K and
This journal is © The Royal Society of Chemistry 2018
1053 K, respectively. The R of NdBCO lm prepared at Tdep ¼
1033 K with c-axis-orientation shows metallic temperature
dependence in the normal state and sharp zero resistance
transition at critical transition (Tc) of 87 K. The R of NdBCO lm
prepared at Tdep ¼ 1053 K shows a semiconductor resistivity
behavior in the normal state and then appears a sharp drop at
56 K, which may be attributed to the structural inhomogeneity
of the a, c-axis-co-oriented NdBCO lm or the weak link origi-
nated from the high angle boundaries between a-axis and c-axis-
oriented grains observed in Fig. 5.

Fig. 9(a) shows the variation of the strain of the c-axis-
oriented NdBCO grains calculated by the eqn (2)38 as a func-
tion of lm thickness.

3 ¼ c� c0

c0
(2)

where, 3 is the strain along the c-axis, c0 is the unstrained c-axis
lattice parameter of the NdBCO bulk, and c is the c-axis lattice
parameter of the c-axis-oriented NdBCO grains at different
thickness of Tdep ¼ 1033 K, which is obtained from the Maud
renement analysis. The 3 was kept declining to 0.03% until the
NdBCO lm thickness was increased to 1.69 mm. This
phenomenon is related to the strain relaxation. In the initial
RSC Adv., 2018, 8, 19811–19817 | 19815
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stage of lm growth, the ab-plane of the NdBCO lm are sub-
jected to the compression stress because of the difference of the
lattice parameter between LAO (a¼ 0.3789 nm) and NdBCO (a¼
0.3868 nm, b ¼ 0.3919 nm). In this case, the c-axis would
undergo the tensile strain according to the Poisson effect of
solid. With the lm thickness increasing, the compressive
strain of the ab-plane as well as the tensile strain along the c-axis
are eventually relaxed. Fig. 9(b) shows XRD patterns in loga-
rithmic scale of the NdBCO lms with different thicknesses
prepared at Tdep ¼ 1033 K. At the thickness range of 0.19 to 0.90
mm, the presence of only (00l) peaks of the NdBCO lms in the
diffractogram suggested the pure NdBCO phase with c-axis
orientation for these lms. At the thickness range of 1.11 to 1.69
mm, the second phase Nd4Cu2O7 appeared in the NdBCO lms
and the growth orientation was also gradually transformed
from c-axis orientation to a, c-axis orientation. This phenom-
enon indicates that the NdBCO lms may relax strain by
generating the second phases and changing the growth orien-
tation in the case where the thickness exceeds a critical
value.39,40 This behaviour has also been reported in the lms by
pulsed laser deposition41 and electron beam co-evaporation.42
4. Conclusions

c-Axis-oriented NdBCO lms were epitaxially grown on (100)
LAO single crystal substrates using laser CVD. As Tdep increased,
the epitaxial growth orientation initially changed from a, c-axis
to c-axis, and then back to a, c-axis again. c-Axis-oriented NdBCO
lms showed the Tc of 87 K with the minimum FWHM value of
the 4-scan on the (116), indicating the highest crystallinity. The
in-plane epitaxial growth relationship was NdBCO [100]kLAO
[010] and NdBCO [010]kLAO [001] for the c-axis-oriented NdBCO
grains, and NdBCO [010]kLAO [010] and NdBCO [001]kLAO
[001] for the a-axis-oriented NdBCO grains with the 90� twin-
ning structure. A c-axis-oriented NdBCO lm exhibited
a uniform dense surface, suggesting the layer growthmode. The
TEM images of a, c-axis-co-oriented NdBCO lm prepared at
Tdep ¼ 1053 K showed the orientation change from a-axis to c-
axis as the lm thickness increased. In the case of Tdep ¼ 1033
K, the lm strain was gradually relaxed and the lm orientation
changed from the c-axis to the a, c-axis, as the lm thickness
increased from 0.19 to 1.69 mm.
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