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IMPROVING FLUX PINNING IN YBa2Cu307 COATED CONDUCTORS BY CHANGING 
THE BUFFER LAYER DEPOSITION CONDITIONS 

B. Maiorov, H. Wang, P. N. Arendt, S. R. Foltyn and L. Civale 
Superconductivity Technology Center, MS K763, 
Los Alamos National Laboratory, Los Alamos, NM 87545, USA 

ABSTRACT 

We present a comparative study of the flux pinning properties of YBa2Cu307 films 
deposited by pulsed laser deposition on polycrystalline metal substrates with a biaxially oriented 
MgO template produced by ion-beam-assisted deposition (IBAD), varying the deposition 
temperature (TSTO) for the SrTiO3 buffer layer. We find that when TSTO = T*STO = 820°C, the 
critical current density at self-Jield (JZf) is maximized and the surface roughness minimized. On 
the contrary, in-Jield critical current density (J,) measurements show that at high fields, samples 
with TSTO <T*STO present higher J,. Angular-dependent J, measurements show that this 
improvement is due to the presence of additional extended parallel defects (in particular, thread 
dislocations), which produce a peak in J, centered in the c-axis direction. We use the field 
dependence of the height and the width of this peak to compare the density of the correlated 
defects in samples prepared with different TSTO. 

INTRODUCTION 
Achieving high critical currents in YBa2Cu307 (YBCO) films on metallic polycrystalline 

substrates is an essential step to make coated conductors (CC) a technological reality, being the 
ultimate goal for CC to obtain the highest possible critical current I, in Amperes for a given tape 
width. There are two ways to increase I,. The first (and one would think simplest) way is to grow 
thicker films. The second one is to increase J, for a given thickness. The first approach carries 
material problems such porosity', particulates and secondary phases, and other more intrinsic 
problems such as the thickness dependences of the critical current density J,.2 So, increasing the 
thickness alone is not a viable way, therefore it is extremely important to find out how to 
improve pinning in thick films. Historically, the highest J, in YBCO have been obtained for thin 
films on single crystal substrates (SCS), with values in the MA range at liquid N2 temperature. 
This is mainly due to the large density of defects in the films, which act as strong vortex pinning 
centers. However, for CC, it was always found that the J, was lower than what could be obtained 
for a film of the same thickness deposited on SCS.2 The inferior performance of the CC was due 
to the diminished J, at the low angle grain boundaries of the m a t e ~ i a l ~ ' ~  as compared to the intra- 
grain J,, a fact that at least qualitatively has been well understood since the pioneer work on 
YBCO films on bi-crystals.' Thus, for several years the goal for CC was to obtain J, as large as 
for films on SCS. 

This milestone was accomplished by Foltyn et aL6, who showed that CC made by pulsed 
laser deposition (PLD) on polycrystalline HastelloyTM, using an MgO template grown by ion 
beam assisted deposition (IBAD), have J, at 75.5 K and self-field as large as those of films of 
the same thickness on SCS.6 The main reason for the improvement is the better texture of the 
IBAD template, which leads to an in-plane texture of the YBCO better than 3" (defined by the 
full width at half maximum [FWHM] of the X-ray (D scan peak), low enough to eliminate the 



detrimental effect of the higher-angle grain boundaries on J,. An important implication of that 
study is that the current carrying capability of those highly textured CC is limited by intra-grain 
vortex pinning, allowing the use of simple macroscopic transport measurements to compare and 
contrast the temperature (T) and magnetic field (H) dependence of their J, with that of films on 
SCS, to investigate what type of defects are controlling pinning in each case. 

We performed such a study in a previous paper.7 We obtained particularly valuable 
information from the dependence of J, on the orientation of H, which allowed us to discern 
between uncorrelated or correlated disorder and, in the latter case, to determine the orientation of 
the extended pinning structures. At 75 K, we were able to identify three angular regimes where 
pinning is dominated by different mechanisms, as depicted in Fig. 1. First there is a contribution 
coming from random point-like defects. Due to the mass anisotropy of YBCO, this defects 
produce a Jc that has a maximum at the ab-planes (101 = 90'), and a minimum at the c-axis (0 = 

0'). These defects dominate in the range 40'<101<85" for this field. The presence of the ab- 
planes themselves also induces a sharp extra peak at 101-90', which is better observed when H is 
increased or T decreased. Thirdly, we find a peak centered at the c-axis due to correlated defects, 
such as dislocations and twin boundaries (101<40'). The three regimes are present in PLD YBCO 
films deposited on both SCS and high quality IBAD substrates. Over large field and angular 
ranges, J, is higher in the coated conductors, demonstrating that the J, of the films on single 
crystal substrates is not an upper limit for their perf~rmance.~ 

These findings provide a framework in which now we can compare films grown in 
different conditions, to try to correlate the microstructure with the pinning properties. Of course 
the main goal is to improve pinning, and in that regard many approaches are potentially 
interesting. For instance, a simple method of Rare Earth substitution changing the variance of 
the ionic radius' improves J, at low fields by introduction of random defects. Even more 
attractive is the possibility to introduce additional c-axis correlated defects, particularly thread 
dislocations, which are known to be strong pinning centers.' In pure YBCO films the density of 
dislocations is dominated by the growth island size and their spacing is estimated to be rather 
large (-1 00 nm--500 nm). That density can be increased by artificially induced precipitates 
through laser deposition of nanocrystallites of Y2O3,Io which act as a nucleation center for 
additional dislocations, but this requires one extra step during the deposition. That disadvantage 
can be avoided by the inclusion of nanoparticles of BaZr03 in the target, which leads to 
superconducting films with significantly increased in-field J, due to the extra dislocations 
induced by the presence of these particles in the YBCO matrix." 

It would be desirable to increase the density of pinning centers in CC made with plain 
YBCO, by far the most study and well characterized material. One obvious way to increase the 
dislocation density would be to decrease the island size, which boiuids the dislocations,' e.g. by 
reducing growth temperature, but this is non-trivial because the crystalline quality of the film 
would be compromised. As a more indirect but potentially simpler alternative, we can explore 
the possibility to modify the growing conditions of the layers beneath the YBCO in the CC 
(chemical barrier layer, IBAD texturing and buffer layer), to try to improve the pinning 
structures in the superconducting film. The natural first choice is the buffer layer in immediate 
contact with the YBCO. 

The objective of this paper is to investigate the effects of the SrTiO3 (STO) buffer layer 
on the pinning properties of YBCO. The first part deals with the effects on the structural 
properties and self-fields J,. The second part focuses on the in-field J, and its angular behavior, 
making emphasis on the very thick samples (-5 pm). 

9,10,11 



EXPERIMENTAL 
To ensure that no substrate effects were introduced, all the substrates used in this 

experiment were cut from the same meter-long HastelloyTM C276 tape with continuously 
processed MgO templates that consist primarily of an IBAD-MgO layer and a homo-epitaxial 
MgO layer. Detailed MgO template processing conditions can be found elsewhere. l 2> l3  

The depositions of the 60 nm thick STO buffer layer and YBCO films (from 1 to 5 pm 
thick) were performed by pulsed laser deposition (PLD) with a KrF excimer laser (A= 248 nm). 
The substrate's temperature for STO growth (TSTO) was varied from 670°C to 860°C at constant 
optimized oxygen pre~sure. '~ YBCO films were deposited thereafter on these buffers at an 
optimized substrate temperature of 760°C and 0 2  pressure of 200 mTorr. After deposition 
samples were cooled to room temperature in 0 2  at 300 Torr. 

X-ray diffraction analysis including normal 8-28 scan, CD scan and rocking curve, were 
performed. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used 
to study the surface morphology and roughness of as-grown YBCO and STO buffer layers for 
various deposition conditions. Cross-sectional microstructure studies of these as-deposited films, 
including selected area diffraction (SAD), transmission electron microscopy (TEM) and high 
resolution TEM, were performed with a JEOL-3000F analytical electron microscope with point- 
to-point resolution of 0.17 nm. 

The critical temperature (T,) was measured inductively. Transport J, measurements were 
performed on bridges using a four-probe technique and a 1 pV/cm voltage criterion, with the 
films immersed in liquid N2 (75.5 K). See Table I for sample parameters. The samples were 
rotated in a way that H was always perpendicular to the current (see insert Fig. l), in order to 
assure a maximum Lorentz force configuration (JUY). The angle 0 between H and the normal to 
the films (which coincides with the crystallographic c axis) was determined to better than 0.1 ". 

RESULTS AND DISCUSSION 
Self-Field and Microscopy Results 

In Fig. 2 we plot JC"f as a function of TSTO. As T s ~ o  increases from 670°C to 820"C, JC"f 
increases continuously from about 1 MA cm-2 to 3 MA cm-2. If TSTO is further increased to 
860"C, Jc drops to 0.9MA cm'2. Thus, there is an optimum temperature (in terms of JZf) for 
growing the STO buffer layer, T*STO - 820°C. This is an important result. The in-plane texture, 
obtained from an X-ray @-scan on the YBCO (103) peak, was measured and found to be almost 
constant with a value close to 3". This indicates that J, variations in this films do not arise from 
the YBCO texture, and other parameter(s) must be playing an important part in determining Jc"f. 

In order to understand how the STO deposition temperature has such a strong effect on 
J,, surface morphology and roughness studies of STO and YBCO films were performed by SEM 
and AFM. Figures 3 (a) and (b) show and contrast the surface morphology of STO buffer layers 
deposited at 670°C and 820°C respectively. At 820"C, the surface of the STO buffer layer is 
much smoother, with only few particles. On the surface corresponding to Ts~o=670"C, a higher 
density and bigger size of the particles is found. These particles are made of STO and appear 
white due to their height. The particle size ranges from 200-400 nm in this image. Analogous 
images for the buffer layers deposited at the other temperatures indicate that the surface of STO 
grown at 820°C is cleaner and smoother than the ones deposited at lower TSTO. This observation 
about the roughness is confirmed by AFM measurements. Over an area of 1OpmxlOpm the 



average surface roughness of STO buffer layers deposited at 670"C, 760°C and 820°C is about 
12 nm, 6nm and 4 nm, re~pectively.'~ As TSTO is further increased to 860"C, not only does the 
STO surface get rougher, but also grain boundaries of the metal substrate begin to appear. This 
suggests that, at such high temperatures, grain-boundary difision from the metal substrate 
affects the growth of the STO buffer layer. 

We have also performed the same experiment on STO-buffered single crystal MgO 
substrates, with similar results. From these observations, it is clear that STO growth conditions 
have strong effects on the superconducting properties of YBCO films, but not on the texture of 
YBCO. For more details on the structural studies, please see Ref 14. 

Now we turn to study the nature of these particles. In Fig. 4, we present TEM 
micrographs of the STONBCO interfaces for buffer layers grown at 820°C and 670°C. For TSTO 
= 820"C, the clean interface between YBCO and STO is seen, while for TSTO = 670°C a 
transversal view of one of the particles is shown. It is interesting to note that these small STO 
particles are crystalline and follow the orientation of the STO buffer, and that the overall in-plane 
alignment of YBCO is not affected by these epitaxial STO outgrowths. Besides the small 
particles, when T ~ T O  is decreased, low angle grain boundaries (less than 1") can be found in the 
YBCO next to the particles, as seen in Fig. 4b, but previous evidence strongly suggests3P75 that 
such low angle grain boundaries should not significantly depress J,. So, in summary, the 
correlation between the proliferation of the STO outgrowths and the decrease in J," is clear, but 
the reason for that correlation is unknown. 

In-Field Results 
Although in terms of JC"f the STO particles on the buffer layer are detrimental, one may 

wonder whether they may generate additional pinning and thus have a positive effect on the field 
dependence of J,. Specifically, we expect these particles to enhance the density of dislocations, 
in analogy with the already mentioned surface distribution of Y203 nanoparticles. The presence 
of BaZrO3 nanoparticles also induces a proliferation of thread dislocations in the YBCO films, 
which results in a large enhancement in the c-axis peak of J,.I5 

Since one of our objectives is to improve the pinning to allow higher values of total 
critical current I,, we decided to start our study of the influence of the STO particles on the in- 
field J, on the very thick films (- 5 pm), listed in Table I. The study of the thinner samples is 
currently underway. 

Before we start the in-field study, in Fig. 2 we include the Jlf as a function of T ~ T O  for 
three thick films grown on the same batch of IBAD, shown in open symbols. In order to facilitate 
the comparison of all the data in the same plot, the JC"f values of the 5 pm thick films are 
multiplied by 1.7, to approximately compensate the thickness dependence. For these thicker 
films we observe the same trend in JZf as a function of T s T ~ ,  with a maximum at TSTO* - 820"C, 
even though the variations are not as big as in the thinner samples of Fig. 2, being Jlf of #lo0 
(TSTO = 700°C) approximately 70% of #136 (TSTO = 820°C). It is worth noticing that these thick 
samples carry the equivalent of more than 600 A/cm at 75.5K and self field. 

In Fig. 5a we present the field dependence of J, for samples #lo0 and #136. We observe 
that, although sample #lo0 has a lower J,"f, for H//c it exhibits a slower decay of Jc as a function 
of H. As a result, around 2 T the J, values for both films are already equal, and for higher fields 
Jc(#lOO) > J,(#136), this difference being at least a factor of 2 at 7 T. The relative improvement 
is less significant for Hllab, where both samples have almost identical J, at high fields, indicating 
that the primary effect of the STO particles is to enhance J, in the c-axis direction. This is 



confirmed by the qualitatively different behavior of the ratios J,(#lOO) / J,(#136) for H//c and 
H//ab, as shown in Fig. 6 a and b respectively. 

If we plot J,(H) curves for H//c in a log-log scale (see Fig. 5b), in both cases we observe 
the usual Jc-P dependence in the low field region. For samples #132 (not shown) and #136, a 
presents a typical value of 0.55, while for sample #lo0 we find a=0.46. That is, the 
improved pinning associated to the STO particles manifests as a reduced a. The same trend has 
been found when adding BaZr03 particles." It is natural to expect a smaller a upon increasing 
the dislocation density and keeping the rest of the parameters fixed, since the vortices have more 
available pinning centers. Previously, Klaasen et aZ.I6 found the opposite effect, i.e., a increased 
upon increase in the number of dislocations. In that work, however, in order to change the 
number the dislocations they changed the deposition conditions of the YBCO, which were kept 
constant in our experiment~.'~J~ 

Definite evidence that the pinning increase for H//c is due to correlated defects along the 
c axis comes from the angular dependence of J,, plotted for different fields in Fig. 7. At 1 T (Fig. 
7a) one can see that #136, grown at T*STO, has higher Jc, throughout all the angular range. 
However, at 3 T the increase of J, near the c axis for #lo0 is evident, while for larger 101 the two 
curves have similar values and angular dependences. In a previous paper7 we have shown that in 
PLD samples, for > 1 T the height of the c-axis peak (AJ,, see definition in Fig. 1) decays 
with an exponential law as 

7,9,16 

AJ, = J *  exp(- H/Ho). 

where the constant P was sample dependent, but the parameter HO was almost sample: 
independent in all the PLD YBCO films on either IBAD MgO or SCS investigated, with MO = 

1.6 If: 0.2 T. When this analysis is done in the present samples (see Figure 8.b), we find MO = 

1.5 and 1.55 T for #136 and #132 respectively, while sample #lo0 has a p a 0  = 2.1 T, which is 
significantly higher and out of the error bars. 

We also found a systematic enhancement of the c-axis peak width w, (see definition in 
Fig. 1) as in Fig. 8a, which indicates that the angular range of influence of the correlated defects 
has been extended. It is worth noticing that the definition of AJ, and w, are a conservative 
estimation of the height and width of the peak due to correlated defects. Indeed, in Fig. 7b one 
can see that film # 100 has a Jc higher than film # 136 up to 0 - 50", indicating that the 
correlated defects in film # 100 act until this angle, and not up to the minimum which defines w; 
(32" and 25" for #lo0 and #136 respectively). Nevertheless, w, is a useful parameter, specially 
for comparison purposes. 

In summary, the dislocations associated to the STO particles improve pinning both in the 
low field (H < 1 T) and high field (H > 1 T) regimes, as manifested by the decrease of a and the 
increase of Ho and w,, respectively. These results are similar to those found in YBCO films with 
added BaZr03 nanoparti~les.~ We note that the size, density, and spatial distribution of both 
types of particles is very different. In order to optimize the pinning effects of the resulting 
dislocations, a more quantitative study of the microstructure in each case is necessary. 

CONCLUSIONS 
We have grown high quality superconducting YBCO thick films on polycrystalline metal 

substrates with IBAD MgO using a thin STO buffer layer. The pulsed laser deposition growth 



conditions of the buffer layer have a strong effect on the superconducting properties of the 
YBCO. In particular, for a certain buffer layer deposition temperature T*STO, the J,"f is 
maximized, and the surface roughness is minimized. However, a lower TSTO results in an 
improvement of the in-field J, due to the appearance of additional c-axis oriented dislocations, 
which are associated with the proliferation of epitaxial STO particles at the YBCO/STO 
interface. 

This is a very simple and unexpensive way to increase the in-field pinning in coated 
conductors, without incorporating any additional processing step, and even maintaining the 
YBCO deposition conditions unchanged. Our results demonstrate that, once the detrimental 
effects of the grain boundaries have been eliminated, it is possible to further improve the already 
high pinning in YBCO films. In principle, this method is independent of the superconducting 
film to be deposited. Thus, it could be applied to other RE-123 films, as well as in combination 
with rare earth substitutions, nanoparticle inclusions, or other methods to introduce pinning 
centers. 
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Caption Fig.1 Angular pinning regimes for a YBCO on STO sample at ,u&? = 1 T and 75.5 K. 
The three regimes are: c-axis correlated pinning (0-0') open circles, random + anisotropy 
regime (40'<101<85") full circles, intrinsic pinning (101-90") open squares. Insert: Sample 



geometry and magnetic field configuration. 

# t TSTO A@ Tc [KI Jcsf 
[Pml ["CI [degl [MAcm-2j 

136 4.1 820 1.87 92.0 1.33 
132 5.0 760 2.96 91.0 1.21 
100 4.3 700 2.70 89.0 0.98 

Caption Table I: Data for the samples, sample number (#), thickness (t), deposition temperature 
of the STO buffer layer (TsTo), critical temperature (T,) and self-field critical current density 
(J:f) in MAcm'2. 
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Caption Fig. 2: Critical density current measured at self-Jeld (JC"/, as a function of the 
temperature of deposition of the STO buffer layer (TSTO) for 1.3 pm thick samples (full triangles) 
and the samples in Table I (open circles multiplied by 1.7 factor). The dotted line marks T*STO = 

820"C, where J l f  is maximized. 



Caption Fig. 3: SEM image of the STO buffer surface for different deposition temperatures 
a)TsTo = 670°C b) TSTO = 820°C 

Caption Fig.4: Cross-sectional low magnification bright field TEM images of YBCO on 
MgO( 100) substrate with STO buffer layer deposited at (a) 820°C and (b) 670°C. Corresponding 
SAD patterns are shown as insets in (a) and (b). Arrow marked in (b) corresponds to a low angle 
boundary in YBCO above an STO outgrowth 
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Caption Fig.5: a) Field dependence of samples #lOO(open symbols) and #136(full symbols) for 
H///ab (squares)and H//c (circles) at T = 75.5 K. 
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Caption Fig. 6: Ratio ofJ, of sample #lo0 and #136 at 75.5K for the main crystallographics 
directions a) H//c full squares b) H//ab open circles. 



Figure 7: Angular dependence of J, for sample #lo0 (Ts~o=700"C open circles) and #136 
(TSTO" T*STO = 820°C full squares) at a constant magnetic field intensity of a) 
W = 3 T .  

= 1 T b) 
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20 

Figure 8: normalized AJ, and w, as a function of H in a) and b) respectively. For sample #lo0 
(open circles) and #136 (full circles). 
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