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Dependence of Epitaxial ������ ��	�
��� Thin
Films Properties on ������ Template Thickness
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Abstract—In our previous report, we demonstrated the growth
of high-quality epitaxial Co-doped������ ������	
� (Ba-122)
thin films using single crystalline ����� (STO) templates on
��� ����	� ���� (LSAT) substrates with pulsed laser deposi-
tion (PLD). Here, we report the dependence of the structural and
superconducting properties of Ba-122 thin films on STO templates
that were 2-150 unit cell (u.c.) thick. We obtained genuine epitaxial
thin films with high crystalline quality and excellent supercon-
ducting properties for templates above a critical thickness, which
was 50 u.c. for our growth condition. Although the quality of
Ba-122 is excellent above the critical thickness, the best crystalline
quality and superconducting properties were obtained on 100
u.c.-thick STO templates. The best-quality Ba-122 thin films show
an on-set transition temperature � � as high as 22.8 K, a
transition width �� � as narrow as 1.3 K, and critical current
density � � as high as 3 �	 ��

�.

Index Terms—Iron pnictides, pulsed laser deposition, templates,
thin films.

I. INTRODUCTION

T HERE is great interest in studying the intrinsic proper-
ties and technological applications of the newly discov-

ered iron pnictide superconductors [1]–[4]. Growth of epitaxial
thin films with excellent superconducting properties has been
difficult, particularly the F-doped, rare-earth 1111 phase that has
the highest [5]–[8]. Because F is volatile at the growth tem-
peratures it has been very difficult to control the stoichiometry
of F-doped 1111 thin films. In contrast,
(Ba-122) is better suited for growing thin film using Co, which
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has a low vapor pressure, as the dopant. Epitaxial growth of
Ba-122 thin films was reported by us and other groups [9]–[18].
Ba-122, (STO), and (BTO) all contain divalent
alkaline-earth (AE) elements, whereas other perovskite oxides
such as (LSAT) or (LAO) contain
trivalent (or higher) elements. Building on the idea of having
common cation valence in the substrate and Ba-122, we grew
high-quality Co-doped Ba-122 epitaxial thin films on (001)-ori-
ented STO bicrystal substrates [17]. However, the STO sub-
strates became electrically conducting during deposition of the
Co-doped Ba-122 thin film at 750 in the high vacuum

, owing to formation of oxygen vacancies in the STO
[19]. This provides a parallel, current-sharing path between the
Ba-122 and STO that compromises the normal-state property
studies. By employing either an STO or BTO template on var-
ious perovskite substrates, we demonstrated the growth of gen-
uine epitaxial Ba-122 thin films on non-conducting substrate
with excellent crystalline and superconducting properties [18].
We found that having an STO or BTO template is critical for
growing epitaxial Ba-122 with our growth conditions. In this
paper, we show the dependence of the properties of Ba-122
thin films on the STO template thickness. We found that a min-
imum template thickness is needed to suppress the formation of
in-plane misoriented Ba-122 grains. We also found there is an
optimum template thickness to obtain the Ba-122 structural and
superconducting properties.

II. EXPERIMENTAL

Epitaxial STO thin film templates were grown on (001) LSAT
substrates at 750 in 8 mTorr of oxygen by pulse laser de-
position (PLD). High-pressure reflection high-energy electron
diffraction (RHEED) was used for digital control [20] and in
situ monitoring of the growth. The thicknesses of the STO tem-
plates we studied were 2, 20, 50, 100, and 150 unit cells (u.c.).
We measured the surface roughness and crystalline quality of
STO templates as a function of the STO thickness with atomic
force microscopy (AFM) and x-ray diffraction (XRD), respec-
tively. For all the templates, the root mean square (RMS) values
measured with AFM are about 0.2 nm, which means the sur-
face roughness is the same regardless of the template thickness.
(The AFM image is not shown here.) All the STO templates are
perfect single crystalline with extremely sharp rocking curves.
The full width at half maximum (FWHM) values of the rocking
curve for the STO 002 reflections are . Note: We were
not able to determine the crystalline quality of 2 u.c. STO be-
cause it was too thin to be measured with XRD. Fig. 1 shows
the 002 rocking curve scans of 100 and 150-u.c.-thick STO tem-
plates (20 u.c. and 50 u.c. STO are not shown here, but the shape
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TABLE I
CRYSTALLINE QUALITY AND SUPERCONDUCTING PROPERTIES OF BA-122 THIN FILMS

Fig. 1. XRD rocking curves of STO 002 reflection for 100 and 150 u.c. thick
STO templates on (001) LSAT substrate.

is the same as 100 u.c. STO). Although the FWHM is compa-
rable for both films, there are shoulders (satellite peaks) on both
sides of the main peak for 150 u.c. STO, due to dislocations and
partial strain relaxation. This means that the STO templates are
fully coherent to the LSAT substrates up to 100 u.c. STO. On
top of these STO templates, we grew 350-nm-thick Ba-122 thin
films with PLD in vacuum at 750 . The detailed growth con-
ditions were reported elsewhere [18]. The Ba-122 targets were
prepared by solid-state reaction and had a nominal composition
of . Based on wave-
length dispersive X-ray spectroscopy, the typical composition
of our Ba-122 thin film was

. The structural and superconducting properties
of Ba-122 thin films are listed in Table I.

III. RESULTS AND DISCUSSION

The crystalline quality and the epitaxial arrangement of
Ba-122 thin films on different template thicknesses were deter-
mined with four-circle XRD. Fig. 2(a) shows scans of
the Ba-122 grown on the 100 u.c. STO/LSAT. The XRD pattern
shows that the film reflections dominate, which indicates
the -axis growth is normal to the STO template and the LSAT
substrate. Ba-122 films on different STO thicknesses have
the same out-of-plane texture (not shown here) although the
intensity of the Ba-122 peaks is weaker in Ba-122 grown

on thinner STO templates. An extra peak at is
identified as 002 reflection of Fe; it has low intensity, being less
than 5% of the Ba-122 004 reflection. The in-plane texture of
Ba-122 was determined with azimuthal scans of the off-axis
112 peak, as shown in Fig. 2(b). The films grown on the 2 and
20 u.c. STO templates on LSAT exhibit extra peaks at inter-
mediate angles in addition to the major peaks at every 90 .
This indicates that the Ba-122 films contain misoriented grains
in the plane with 001 tilt high-angle grain boundaries [18]. In
contrast, the Ba-122 films on 50, 100 and 150 u.c. thick STO on
LSAT show only strong peaks at every 90 , which indicates that
these films have a genuine epitaxial arrangement in the plane.
We determined the out-of-plane and in-plane mosaic spreads
and crystalline quality of the films by performing rocking curve
and azimuthal -scans, respectively.

Fig. 2(c) shows the FWHM values of the Ba-122 004 rocking
curve and as a function of the STO template thickness.
Both the FWHM and values rapidly decreased from 2
u.c. to 50 u.c. reaching the minimum at the STO thickness of
100 u.c. This trend is consistent with the high in-plane texture
and absence of misoriented Ba-122 grains for STO thicknesses
above 50 u.c. as shown in Fig. 2(b). We can make three conclu-
sions from the XRD data. First, a minimum template thickness
of 50 u.c. STO is needed to obtain genuine epitaxy. Second,
the optimum template thickness is 100 u.c. Finally, the high
crystalline quality of Ba-122 is maintained above the minimum
template thickness (about 50 u.c.) but is slightly compromised
above the optimum thickness (about 100 u.c.). This might be
due to the compromised STO template quality due to surface de-
fects, dislocations, and partial strain relaxation that form above
100 u.c. as shown in Fig. 1.

The superconducting transition temperature and tran-
sition width were determined by a resistivity measure-
ment. The resistivity of the films with a size of about 2 mm 4
mm was measured in a Quantum Design PPMS by a four-point
probe method with the current flow along the sample length. As
shown in Fig. 3(a), the films grown on 20, 50, 100, and 150 u.c.
STO show a residual resistivity ratio of 1.9, which is similar to
Ba-122 bulk single crystal [21]. However, as shown in Fig. 3(b),
the film on 20 u.c. STO shows a double transition, which indi-
cates the film contains inhomogeneous superconducting phases.
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Fig. 2. XRD analysis of Ba-122 films (a) Out-of-plane � � �� scan of Ba-122/100 u.c. STO/LSAT. All non-identified peaks are reflections of identified peaks
resulting from ���� and ���� � �. (b) azimuthal � scan of the off-axis 112 reflections for Ba-122/2, 20, 50, and 100 u.c. STO/LSAT (c) FWHM values of
002 rocking curves ���� and the off-axis 112 reflections ���� for all Ba-122 films as a function of the STO template thickness.

Fig. 3. Resistivity as a function of temperature for the Ba-122 thin films grown on 20, 50, 100, and 150 u.c. STO templates.

Films with on STO with thickness 50 u.c. show narrow tran-
sition width. As listed in Table I and Fig. 3(b), both the on-set

and are improved from 2 u.c. STO to 100
u.c STO and degraded ongoing to 150 u.c. STO. This is con-
sistent with the trend in the crystalline properties of the film. In
particular, the film grown on the optimum template thickness
(100 u.c. STO) shows the highest of 22.8 K with a

of 1.3 K, which is almost the narrowest.
Fig. 4 shows the zero-field-cooled magnetization transi-

tions of Ba-122 thin films grown on 20, 50, 100, and 150 u.c.
STO templates on LSAT. All films have a similar, strong dia-
magnetic signal except the film grown on the 20 u.c. STO tem-
plate. The film on the 20 u.c. STO shows granularity associated

with the inability of the screening currents to develop across the
high-angle grain boundaries in this film. In contrast, the film
grown on the 100 u.c. STO/LSAT shows a strong signal and the
highest magnetization , which is consistent with resistivity
measurement.

Fig. 5 shows the critical current density as a function of
the applied magnetic field for Ba-122 films grown on 20, 50,
100, and 150 u.c. STO templates measured with an Oxford vi-
brating sample magnetometer (VSM) up to 14 T. Magnetization
as a function of temperature was measured by a Quantum De-
sign SQUID magnetometer with a field of 2 mT perpendicular
to the film surface. The magnetization loop of the films, which
were about 2 mm 4 mm, was measured in the VSM at 4.2K
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Fig. 4. Magnetic moment as a function of temperature for Ba-122 grown on
20, 50, 100, and 150 u.c. STO templates by warming after zero-field-cooling. A
field of 2mT was applied perpendicular to the plane of the films after cooling to
4.2 K.

with the applied field perpendicular to the film surface. Mag-
neto-optical imaging was used to examine the uniformity of cur-
rent flow in the films to validate the use of the Bean model for
converting the magnetic moment measured in the VSM to
assuming current circulation across the whole sample without
granular effects. For a thin film, , where
is the width of the hysteresis loop in emu, V the film volume
in , and r the radius corresponding to the total area of the
sample size, and was calculated from (a and b
are the film width and length in cm, respectively). Here all films
show higher than that of bulk single crystal (0.4
at 4.2 K; [22]). Furthermore, the of the epitaxial films on
the 100 and 150 u.c. STO shows a weak field dependence, in-
dicative of little or no suppression of the by strong magnetic
fields. Those films had up to about 0.4 even at 13
T. According to transmission electron microscopy (TEM) anal-
ysis, this is due to the second-phase self-assembled nano-pil-
lars in the Ba-122 matrix, which could act as a very effective
pinning center as shown in our previous report [23]. However,
the films on the 50, 100, and 150 u.c. STO template have much
higher , by a factor of 5, than the film on the 20 u.c. STO.
We believe this is due to the superior epitaxial arrangement in
Ba-122 on thicker STO templates (above 50 u.c.) as confirmed
by XRD analysis, while the films on the 2 and 20 u.c. STO tem-
plate have high-angle grain boundaries within the in-plane struc-
ture. According to our previous report [17], in [001] Ba-122
on STO bicrystal substrates with misorientation
angles shows significant suppression. It makes sense that ran-
domly-oriented, high-angle tilt grain boundaries in Ba-122 films
on the thinner STO templates (2 and 20 u.c.) would effectively
block the supercurrent, as suggested by several recent pnictide
film reports [5]–[11].

Compared with Ba-122 thin films grown on bare LSAT, even
Ba-122 films grown on the 2 u.c. STO template on LSAT are
significantly improved in terms of crystalline quality. This in-
dicates that the template itself is critical for growing Ba-122
thin films. However, as shown so far, an STO template that is

50 u.c. thick is needed to grow genuine epitaxial Ba-122 thin

Fig. 5. Critical current density as a function of applied magnetic field at 4.2K
for Ba-122 grown on 20, 50, 100, 150 u.c. STO templates.

films without any misoriented grains. We believe the 45 ro-
tated grains in the Ba-122 films grown on thinner STO tem-
plates are caused by the solid state reactions during the growth of
the Ba-122 film in a 3D island growth mode. When the Ba-122
phase grows on a thinner STO template, the chemical reaction
between the LSAT substrate (through atomic diffusion across a
few nanometer thick STO template) and Ba-122 will occur. Due
to the 3D island growth nature, this reaction occurs randomly on
the surface of the STO template and results in the formation of
small islands of impurity phase (the product of chemical reac-
tion between LSAT and Ba-122). We believe that these islands
of the impurity phase are in favor of the growth of 45 rotated
Ba-122 grains, while the remaining STO surface ensures the epi-
taxial growth of normally oriented Ba-122 film. The extent of
such chemical reaction decreases with the increase of the STO
template layer, thus, the volume fraction of 45 oriented grains
in the Ba-122 films decreases as the STO template thickness as
shown in Fig. 2, in consistent with TEM observations.

Transmission electron microscopy (TEM) also showed some
localized disorder of the atomic arrangement at the interface
between Ba-122 and the STO template [18] This disorder might
be evidence of interdiffusion between the Ba-122 and STO
template occurring under our growth condition ( ,
750 ). We believe a thicker STO template provides an effec-
tive diffusion barrier between Ba-122 and the LSAT substrate
so that the epitaxial growth of Ba-122 is maintained throughout
the growth of Ba-122 films. In our growth condition, 50 u.c.
is the minimum thickness for an effective diffusion barrier.
Beyond the optimum template thickness of 100 u.c., the quality
of Ba-122 is slightly reduced. We believe this is due to var-
ious defects generated by a partial strain relaxation of STO
templates.

IV. SUMMARY

We studied the influence of single crystalline STO template
thickness on the properties of epitaxial Ba-122 thin films
over the thickness range of 2–150 u.c. STO on (001) LSAT
substrates. We obtained genuine epitaxial Ba-122 thin films
on STO templates for STO thicknesses 50 u.c. with our
Ba-122 growth conditions. We believe that a minimum STO
thickness is needed to effectively block interdiffusion between
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Ba-122 and the LSAT substrate during the growth of Ba-122
thin films. The Ba-122 films with the best crystalline quality
and superconducting properties were grown on the 100 u.c.
STO templates, which is the thickest STO template that is still
completely coherent with the LSAT substrate. Beyond this
optimum STO thickness (100 u.c.), the crystalline properties
of Ba-122 are slightly degraded owing to compromised STO
crystalline quality due to surface defects, threading dislocation,
and strain relaxation of the STO template.
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