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It was found from plan-view transmission electron microscopy (TEM) observations that 
c-oriented YBa2Cu3Ov s (YBCO) films on LaAIO3, prepared by the magnetron sputtering 
technique had a single crystalline-like YBCO matrix, but always contained some precipitates 
of impurity phases. A large number of highly defective twin boundaries were also observed 
in all of these epitaxial films. Such highly defective twin boundaries are thought to be flux 
pinning centres and also paths for the diffusion of water into YBCO films. Therefore the films 
need to be passivated against attack from humid air. 

I. Introduction 
It has been reported that high quality YBa2Cu3OT_~ 
(YBCO) films can be prepared by several different 
techniques. Amongst them, dc sputtering techniques 
[1,2] and pulsed laser deposition [3, 4] are the most 
successful methods due to the simplicity of their 
design, ease of control, and high reproducibility. 
Focusing on dc sputtering techniques, inverted 
cylindrical magnetron sputtering [1] and 
high-pressure planar dc-sputtering [2,3] remain 
powerful and practical tools for producing high 
quality YBCO films. However, no (TEM) 
observations were performed by the group who 
originally reported on the growth of films using the 
inverted cylindrical magnetron sputtering process [1], 
and detailed characterization of the microstructures of 
such YBCO films at the sub-micron scale have also 
not been reported. 

In this paper, c-oriented YBCO films prepared by 
inverted cylindrical magnetron sputtering [1], at 
optimal deposition conditions, are characterized by 
different analysis techniques. From plan-view TEM 
observations it is clear that these epitaxial films 
contain a large number of highly defective twin 

boundaries. Splitting and swelling of the microtwins 
are also observed. Such highly defective twin 
boundaries are thought to be flux pinning centres and 
also paths for the diffusion of water. Therefore, 
a suitable method to passivate these twin boundaries 
in YBCO films is required. 

2. Experimental procedure 
The sputtering system used at the National Physical 
Laboratory (NPL), is essentially based on that 
reported by Xi et al., used for the inverted cylindrical 
magnetron sputtering technique [1]. The sputtering 
target is an annular ring of YBa2Cu307 material. The 
inside and outside diameters of the ring are 40 mm 
and 50mm, respectively, and its height is 25 mm. 
During sputtering the substrate is held 20 mm above 
the target. The sputter gun was operated in the dc 
mode with a current of 0.67A and a voltage of 150V. 
The sputtering gas pressure was 0.87 • 102 Pa and was 
a mixture of 2/3 argon and 1/3 oxygen. The deposition 
rate of the film was about 300 nm per h. 

The substrate was clamped to a resistive heater with 
a pure copper shim to improve thermal contact. 
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During film deposition, the temperature of the heater 
block was 840 ~ After deposition the chamber was 
backfilled to 250 x 102 Pa of oxygen, and the sample 
allowed to cool to about 450 ~ over 15 min before the 
heater was switched off. In this paper, we refer to such 
YBCO films as NPL series films. 

The deposited YBCO films were characterized by ac 
susceptibility (ACS) [4] using an Oxford Instruments 
3001 8T Vibrating Sample Magnetometer (VSM) [5]. 
Plan-view transmission electron microscopy (TEM) 
and XTEM were performed using a JEOL 2000 FX 
instrument [6,7]. Polarised optical microscopy 
(POM) was performed using a Nikon Epiphot 
instrument. Scanning electron microscopy (SEM) was 
performed using a JEOL JSM-T200 or a JEOL 
JSM-T220 instrument. X-ray Diffraction (XRD) traces 
were obtained with Cu-Kcx irradiation using an 
automated Philips PW1730 diffractometer [6]. 
Rutherford backscattering (RBS) was obtained with 
a 1.5MeV 4He + beam of 1 mm diameter and 
secondary ion mass spectroscopy (SIMS) was 
performed on an Atomika 6500 instrument [8, 9]. 

3.  R e s u l t s  a n d  d i s c u s s i o n  
3.1. Reproduc ib i l i t yo fTc  and Jc of NPLf i lms  
Some To (R = 0) values and magnetization Jc data for 
typical NPL films are tabulated in Table I. As an 
example we show in Fig. 1 the resistance versus 
temperature curve (Fig. la) and the inductive 
transition (Fig. lb) of sample No. 5. In Fig. lb, the 
peak of dV/dT infers Tc (R = 0) [4]. 

It was found that the NPL YBCO films usually had 
a To of 89-90.8 K. Fig. 2 shows the curves of the 
magnetization J~ versus the applied field at different 
temperatures of a typical NPL film (No. 5). The 
applied field is parallel to the c-axis of the film to make 
sure that the supercurrent is flowing in the Cu O 
planes (i.e. the a b planes). At 77 K and zero field the 
Jo is equal to 1.9 x 10 6 Acm -z, which is about half of 
the reported highest transport Jc (77 K and 0 T) of 
epitaxial YBCO films [1-3, 10-12]. 
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Figure 1 (a) Resistance versus temperature curve of sample No. 5; 
(b) The corresponding inductive transition measured from the real 
part of the magnetic susceptibility. 

3.2. Microst ructure of NPL f i lms 
3.2. 1. Highly defective twin boundaries in 

NPL films 
Plan-view TEM images (shown in Fig. 3 (a and c)) and 
corresponding selected area diffraction (SAD) patterns 
(shown in Fig. 3 (b and d)) of typical NPL films (Nos 
4 and 5) respectively, show that the films are 
c-oriented and contained a large number of microtwin 
boundaries on the {1 1 0} planes which are separated 
by 20 90 nm. The presence of microtwins yields spots 
that are elongated and/or split parallel to the (1 1 0) 
or (1 1 0) direction in the electron diffraction patterns 
obtained with a parallel (0 0 1 ) beam (see, for example 
the SAD patterns in Fig. 3(b and d)). Such microtwins 
were easily observed in the present plan-view TEM 
observations, although they appeared to have 
a non-uniform distribution. The microtwins were 
formed in order to reduce the strain energy produced 
by the shape and volume changes associated with 
the tetragonal to orthorhombic structural phase 
transformation (TOSPT) during the slow cooling 
process [13, 14]. Therefore, the most commonly 

T A B L E  I The details of eleven typical samples referred to in the text. 

Sample No. Device used Substrate Thickness (nm)* To (K) J~ ( A c m -  2)** 

No. 1 NP L  LaAlO3 250 90.6 
No. 2 NP L  LaAIO3 200 89 
No. 3 N P L  LaA103 200 90.8 
No. 4 N P L  LaA103 100 89.6 

No. 5 N P L  LaAIO3 250 89.6 

No. 6 NP L  LaA103 250 89.2 

2.3x107 at 1 0 K  

6 .8x i06  at 10K 
5.4x106 at 3 0 K  
2.7x106 at 5 0 K  
4 .6x10  s at 7 7 K  
3.7x107 at 1 0 K  
2.3x107 at 3 0 K  
1.1x107 at 5 0 K  
1.9x106 at 7 7 K  
1.6x107 at 10K 
9.4• at 3 0 K  
5.1x106 at 5 0 K  
1.3x106 at 7 7 K  

* The thicknesses tabulated here are the nominal  thicknesses estimated from the sputtering time and experience, some are corrected by SIMS, 
RBS, or XTEM analyses without consideration of surface roughness. 
**Jc at zero field. 

6138 



107 

E 
o 
< 
"2 106 
" 3  

d 
O 

._N_ 10 5 
�9 
c 

_= 30K 

50K 

104 

I I I I 

0 1 2 3 4. 5 

App l i ed  f ie ld (T) 

Figure 2 The magnetization Jc versus the applied field at different 
temperatures for sample No. 5. The Bean model [25] is used for 
calculating Jr. 

observed defects in c-oriented YBCO films are twin 
boundaries [2, 3, 7, 12], which is also the case in the 
bulk of polycrystaltine [15] and single crystal YBCO 
[16, 17]. 

Detailed TEM observation of the films at higher 
magnification shows some details of the twin 
boundaries. For example, Fig. 4 (a and b) (plan-view 
TEM images from sample No. 5) clearly show that twin 
boundaries in the films are frequently bent and contain 
some steps and dips. It should be noted that Eibl et al. 

reported that twin boundaries in YBCO films prepared 
by laser ablation contained similar defects [12]. 
Splitting of the microtwins can be seen in Fig. 4a (see, 
for example, the label SP in this figure). In some regions 
swelling of the microtwins can also be seen (see, for 
example, the label SW in Fig. 4b). No such picture has 
been reported in bulk YBCO materials. It is clear that 
the twin boundaries in the films are highly defective, 
since they have become deformed. The reason for this is 
probably due to the strain energy from the shape and 
volume changes resulting from the TOSPT during the 
cooling process. The YBCO films cannot effectively 
release this strain through regular twin boundaries 
which appear as "straight lines" on the conventional 
TEM image and have a lattice shift across the boun- 
daries in bulk YBCO materials [13, 14]. Compared 
to YBCO thin films, the strain energy in YBCO 
bulk materials must be more easily released through 
regular twin boundaries. Therefore, when comparing 
twin boundaries within the YBCO films with twin 
boundaries within bulk YBCO single and poly- 
crystalline materials, two special points need to be 
considered: i ) twin boundaries in YBCO films are 
highly defective; and ii) in YBCO films, the distance 
(20-90 nm, averaged as 45 nm) between two twin 
boundaries is smaller by approximately one order of 
magnitude compared with bulk polycrystalline YBCO 
ceramics prepared by a conventional mixed oxide 
procedure [12, 15]. It is also smaller than bulk YBCO 
single crystals which have twin domains about 100 nm 
wide [163. In addition, only in two films did we see 
a few dislocations running between two twin 
boundaries (see, for example, mark d in Fig. 4b), which 
means that the dislocation density in these films is 

10 6 percm 2 or less. 

3.2.2. Epitaxial defects in NPL films 
XTEM images show that all films grew with epitaxial 
defects. See, for example, Fig. 5 (a and b). Interest- 
ingly, a decreasing density of such defects is observed 
in the films with increasing distance from the interface 
between the film and substrate, as is shown in 
Fig. ha, and more clearly in Fig. 5b. In Fig. ha, 
the dark region at the bottom of the film, in this 
conventional (i.e. diffraction-contrast) XTEM image, 
implies that the bottom of the film grew with more 
defects than did the upper region of the film. The 
high resolution XTEM image shown in Fig. 5b clearly 
shows that the (00l) atomic planes are bending 
and wavy due to frequent faults in the stacking 
sequence, especially at the bottom of the film. 
There is a shifted spacing of about 1/2 c-axis lattice 
parameter, some as indicated by arrows. In addition, 
some small regions (e.g. < 10 nm) within the c-axis 
layer structure are not resolved (see, for example, the 
label S in Fig. 5b), which are small precipitates of 
a second phase. XTEM images also show a clear 
interface and thus no interaction between the film and 
the substrate. 

3.2.3. Precipitates of second phases in 
NPL films 

Precipitates of second phases with different sizes can 
be observed by plan-view TEM in the NPL films, as is 
shown in Fig. 3 (a and c). Larger sized second phase 
precipitates (which form weak-links) can also be seen 
by POM (not shown) and SEM micrographs (see, for 
example, Fig. 6b). Some regions of the NPL films 
show extra spots in addition to those spots of the 123 
phase in the SAD patterns (see, for example, mark AS 
in Fig. 3 (b and d)). Combining the micro-diffraction 
pattern and energy dispersive X-ray spectroscopy 
(ED), data from the second phase precipitates, some 
impurity phases can be identified. For NPL films, 
CuOx, BaCu202_x, and Y203 precipitates [18] and 
amorphous Y-rich/Cu-poor amorphous islands [17] 
could be identified. In switching from one sample to 
another, the type, size, and density of, second phase 
precipitates could be different. Fig. 7 shows that for 
the NPL film (No. 2) a better fit between the measured 
RBS spectrum and simulated structure can be 
achieved by assuming a structure of Yl.IBa1.9 
Cu2.906.9/LaA103, which can also be represented as 
(Y1Ba2CuhO6.9)  (Y203)0.065 (i.e. an excess of Y203) .  
It is difficult to exactly estimate the volume percentage 
of precipitates of second phases in the 123 matrix by 
TEM observations due to their irregular shapes and 
non-uniform distribution. However, it should be 
noted that a 5 vol % of second phase precipitates 
would result in 13.6% of the area in the plan-view 
TEM image being covered by these precipitates (under 
the assumption that precipitates of second phases 
have a cubic shape). 

TEM, POM, SEM, and XRD measurements 
showed that all characterized NPL films (sample size: 
~25 mm x 25 ram) appeared to be free of any traces of 
a-oriented grains. 
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Figure 3 (a) and (b) Plan-view TEM micrograph and corresponding selected area diffraction (SAD) pattern of sample No. 4; (c) and (d) 
Plan-view TEM micrograph and corresponding SAD pattern of sample No. 5, (e) SAD pattern from a second smaller region of sample No. 5. 
It should be noted that all ((001) axis) SAD patterns shown in this paper are from an approximately 6 gm 2 observed area except for (e) which 
came from a 0.6 tam 2 observed area. Marks used in this figure: ~ t w i n  boundaries; S--precipitates of second phases; D~dips or steps in twin 
boundaries; and AS--the extra spots from precipitates of second phases. 

3.3. Possible pinning centres in NPL films 
If Y B C O  films are  to ca r ry  a large  cr i t ical  cur ren t ,  it is 

essent ia l  tha t  the  f tuxons  s h o u l d  be p inned.  T h e  

poss ib le  role  of  different  k inds  of  s t ruc tu ra l  defects in 
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flux p i n n i n g  cent res  has  been  ex tens ive ly  d i scussed  in 



Figure 4 (a) and (b) Plan-view TEM micrographs of sample No. 5, with the electron beam being along the @01) axis. Marks used in this 
figure: SP splitting of the microtwins; SW--swelling of the microtwins; D--dips or steps in twin boundaries; and d--dislocations. 

Figure 5 (a) Conventional XTEM micrograph of sample No. 1 and 
(b) high-resoultion XTEM image of sample No. 2. 

the literature. The ideal pinning centres, as they are 
some kind of structural defects, clearly should be 
smaller than or at least of the same order of magnitude 
as the coherence length. At a given temperature (such 
as 77 K) and field, ~ ab can be estimated to be a few nm 
[16, 19]. Therefore, for the c-oriented films, structural 
defects with a size of a few nm or smaller could be 
pinning centres. For  the characterized N P L  films, 
these structural defects could be: i) highly defective 

Figure 6 (a) and (b) SEM micrographs of sample No. 4 and sample 
No. 5. Marks used in this figure: A--a-oriented grains; S precipi- 
tates of second phases; H--pinholes; P particulates on surface of 
the film. 
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twin boundaries, ii) the local strain field induced by 
the defective growth of the film, iii) smaller size 
precipitates of second phases, and iv) dislocations. 

3.3. 1. Highly defective twin boundaries 
It should be noted that bulk YBCO single crystals 
with a much lower J~ (~  104 Acre -2 at 77 K and 0 T) 
are also twinned. Therefore, here, we emphasise that 
twin boundaries in YBCO films are highly defective 
and have a higher density. In addition, Eibl et al. [12] 
reported that in high resolution TEM images the twin 
boundary of a dc-sputtered YBCO film has 
a thickness of about 1 nm in which there is an 
intermediate zone filled by non-superconductoring 
material. If it is the case, such highly defective twin 
boundaries are ideal flux pinning centres in these 
epitaxial YBCO films. This may be a reason why in 
YBCO films the Jc is about two orders of magnitude 
higher than that in the bulk YBCO single crystals 
[16,17]. 

3.3.2. Local strain field 
All the characterized films clearly grew with epitaxial 
defects, especially at the bottom of the film. The local 
strain field induced by the defective growth has been 
suggested to act as pinning centres in YBCO films 
[2, 3]. 

3.3.3. Smaller precipitates of second phases 
Such precipitates with dimensions smaller than a few 
nm (i.e. -< ~ab) can be seen during the TEM 
observations (see, for example, Fig. 5b), they could be 
the pinning centres. However, it is difficult to consider 
a lot of larger size precipitates of second phases in 
NP L  films as pinning centres although the local strain 
field around them (see, for example, the strain contrast 
around the marked second phase in Fig. 2c) may 
contribute to the pinning mechanisms. Basically, they 
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are weak-link regions which make films more 
"granular" and so limit J~. 

3.3.4. Dislocations 
These can be considered as ideal pinning centres. 
However, the dislocations in the N P L  films were not 
easily observed by the present plan-view. TEM 
observations (in up to ~ 100 gm 2 observed area for 
each film). Only in two films did we see a few 
dislocations (see, for example, mark d in Fig. 4b), 
which means that the dislocation density is at 
a ~ 106 cm 2 level or less. Therefore, we do not think 
that dislocations make a significant contribution to 
flux pinning centres. Meanwhile, it illuminates the 
point that, if we can find a suitable method to increase 
the dislocations density to the l0 s cm 2 level, we may 
achieve a further enhancement in Jc by a notable 
factor in these N P L  films. 

Here, we do not discuss at all the effect of oxygen 
vacancies on the pinning mechanisms, because the 
studied films are nearly fully oxidised. The effects of 
oxygen vacancies on Jc and To will be discussed in 
a separate paper. 

3.4. SIMS depth profiles in NPL films 
The SIMS raw data from a 250 nm YBCO on LaA103 
film (No. 1) after a 10-month ageing period in a desic- 
cator following deposition is shown in Fig. 8. Negative 
secondary ions at masses 16 (160-,  line a) 17 (17e-  
and lvOH- ,  line b), 18 (180-,  line c), 27 (2VA1-, line d), 
and 63 (63Cu, line e) from the central 25% of the crater 
area of 300 gm 2 were monitored sequentially during 
the sputtering by the 10 keV Cs § primary beam [8, 9]. 
The measurement was terminated at the LaA103 sub- 
strate. The interface between the film and the substrate 
can be easily inferred from the steps of the 27A1- and 
63Cu- signals [8, 9]. 

The most interesting result from the SIMS analyses 
of the as-received YBCO films is that the (OH) signal 
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shows a declining "diffusion-like" distribution to 
a depth of about 30-200 nm [6, 8, 9, 20]. For example, 
in Fig. 8 the measured intensity ratio, i.e. lSMass-/  
[16Mass- + lSMass-], in both the film and the sub- 
strate is flat and equal to ~ 0.2% (the natural 1 s o iso- 
topic ratio). Here, during the calculation of the inten- 
sity ratio, the contribution of 170 is ignored, because 
its natural isotopic abundance of 0.04% is only one 
fifth of that for aSo. However, it can be seen that the 
mass 17 signal shows a declining "diffusion-like" dis- 
tribution before it becomes flat (to the instrumental 
background level) at a depth of about 150 nm. In the 
top layer of the as-received fiIm, the mass 17 signal 
with the background subtracted should be the contri- 
bution of 17(16OH) signal [20]. The diffusion-depth is 
dependent on the quality of the films, and how long 
the films have been stored (aged). We think that water 
from humid air (or OH due to water molecules dis- 
solved in the surface of the films) can "diffuse" into 
YBCO films through the highly defective twin bound- 
aries. The storage conditions for the films also play 
a role in determining the level and "penetration" 
depth of OH in the films. In normal laboratory condi- 
tions, we do not think that bulk chemical reactions 
with water [21] can happen within the films, but may 
happen locally. 

This phenomenon represents some degradation of 
the films as even trace OH species in the top surface 
layer of the films may alter the properties of the YBCO 
films. The detailed effects of a small amount of (OH) 
on the electrical properties and microwave properties 
have not been examined. Our films, with 10-months 
ageing in a desiccator and a "diffused" OH distribu- 
tion up to 150 nm depth show a smaller decrease of 
To (usually < 2 K). This implies that it is important to 
keep the films in dry conditions. We have also found 

that the treatment of a 90 K YBCO film in flowing wet 
02 gas (i.e. 02 saturated through a 60 ~ water bath) 
at 500 ~ for 2 h results in only part of the film remain- 
ing as a superconductor with Tc~44 K. A large 
increase in the OH signal in the film during SIMS 
analysis was also recorded for this film. During practi- 
cal utilisation, YBCO films must undergo longer age- 
ing and encounter less protected environments (such 
as liquid water produced by condensation on warm- 
up from cryogenic conditions) than in a desiccator. It 
should also be noted that YBCO films normally have 
a thickness less than 1 gm, therefore the 
environmental stability of YBCO films is a larger 
problem than for bulk YBCO single crystals. 

It should be re-emphasised that although highly 
defective twin boundaries in YBCO films are thought 
to be flux pinning centres, they are also thought to be 
short circuits for the diffusion of oxygen [22] and 
water (or OH species) [20]. Therefore, making YBCO 
films more stable against ageing and more resistant to 
humid air/CO2 etching is a challenge to materials 
scientists. In some cases, this task may have equal 
importance with attempts to further enhance Jc at 
a higher applied magnetic field in such YBCO films. 
Here, 700 keV-1 MeV Ag § implantation at elevated 
temperatures is proposed as a strategy to (i) passivate 
twin boundaries and the internal surfaces (between the 
123 phase and precipitates of second phases) and (ii) 
improve the transport properties. Silver is chosen 
since it has been shown to have some beneficial effects 
on the environmental stability and transport and 
microwave transmission properties of YBCO films 
[23]. It should be noted that ion implantation into 
YBCO films at room temperature produced only 
limited improvement in J~ values of the order of a fac- 
tor 2 [24]. Thus, a higher implantation temperature 
has to be chosen to ensure that the films do not 
become granular (i.e. do not produce weak-links) and 
instead produces extended defects (such as disloca- 
tions) which act as flux pinning centres. The high 
implantation temperature may also result in some 
implanted Ag § migrating to twin boundaries and so 
decorating and passivating these planar defects. In 
addition, an in-situ post-irradiation annealing step in 
an 02 ambient is also necessary for oxygen enrich- 
ment and/or reordering in the films. 

3.5. Comparison between NPLfilms and the 
YBCO films deposited by an adapted 
high-pressure planar dc-sputtering 
system 

In reference 7, we reported microstructure and trans- 
port properties of c-oriented YBCO films on LaA103, 
prepared by an adapted high-pressure planar dc-sput- 
tering device [2, 3], at the University of Cambridge 
(referred as CAM films in this paper). 

There are some differences in microstructure be- 
tween NPL films and CAM films: (i) TEM observa- 
tions showed that all the CAM films contained some 
a-oriented grains in a non-uniform distribution; 
(ii) CAM films usually contain less precipitates of 
second phases than NPL films; and (iii) CAM films 
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usually have a lower Jo than NPL films. For CAM 
films on MgO prepared under the same conditions (as 
reference samples) using XRD measurements [8,9] 
the volume percentage of a-oriented grains in the 
c-oriented matrix has been found to be about 
3-5 vol %. There are two possible explanations for 
a-oriented grains in the CAM films: (a) the original 
group who reported the high-pressure planar DC- 
sputtering technique did not mention that a-oriented 
grains could be seen in their c-oriented films [8,9], 
therefore, we suspect that such a-axis oriented grains 
are due to a narrow heater being used in the Cam- 
bridge sputtering device causing a non-uniform sur- 
face temperature during the film deposition. A weak 
thermal contact between the substrate and the heater- 
plate can produce similar results; (b) using pure 02 in 
the higher pressure (2.25 • 10 a 3 x 102 Pa) as sputter- 
ing gas can easily result in such a-oriented grains. In 
addition, a-oriented grains within the c-oriented 
matrix in CAM films may be responsible for the lower 
Jc in the CAM films compared to the NPL films. It is 
reported that the zero temperature coherence length 
along the c-axis r and in the a b plane Cab(0) in the 
YBCO film are estimated to be 0.22 nm and 1.6 nm 
[16]. Thus, the supercurrent flowing in the a-b planes 
of the c-oriented matrix is limited in the c-direction of 
such a-oriented grains. 

4. Summary 
Epitaxial thin films of c-axis oriented YBa2Cu3OT_~ 
prepared on (100) LaA103 substrates by the inverted 
cylindrical magnetron sputtering method were 
characterized by several analytic techniques. In these 
films the majority of defects are found to be highly 
defective twin boundaries. Such highly defective twin 
boundaries are thought to be flux pinning centres and 
also paths for the diffusion of water, therefore they 
need to be passivated. Ag + implantation at elevated 
temperatures is proposed as a strategy to (i) overcome 
the effect of these twin boundaries upon factors such 
as environmental degradation and (ii) improve the 
transport properties of YBCO films. 
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