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Crystalline characterization by Rutherford 
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YBa2Cu307 (YBCO) superconducting thin films have been grown in situ on single-crystal 
(1 00) MgO substrates by single target d.c. sputtering or laser ablation. The films were highly 
textured, with full c-axis orientation, as shown by standard 0-20 X-ray diffractometry. The in- 
plane structure of the films was characterized by reflection high energy electron diffraction 
(RHEED), oscillating single-crystal photographs, Rutherford backscattering spectrometry 
(RBS) and by electron channelling patterns (ECP). According to the results obtained from all 
these methods the films were found to be single-crystal-like. Channelling RBS experiments 
were carried out in order to provide additional information on the crystal quality, quantitatively 
evaluated from the ~min values:for samples deposited in optimized conditions, we have found 
these values on sputtered films as well as on laser ablated films deposited on (1 00) MgO 
substrates to be close to that of the virgin substrate. These values strongly depend on the 
deposition temperature, in good agreement with ECP data. On the other hand, RBS analysis 
gives access to the composition of the thin films and in addition the in-depth homogeneity in 
composition was checked by secondary ion mass spectrometry (SI MS). 

1. Introduct ion  
Thin films of the high-Tc superconductors have been 
the subject of many studies for practical developments 
[1]. In particular, microwave applications are ex- 
pected soon and for this purpose it is of primary 
importance to control the growth parameters of the 
thin films on which would strongly depend the surface 
resistivity, required to be as low as possible. We have 
studied thin films deposited on (1 0 0) MgO substrates 
by two different techniques:single target d.c. sputter- 
ing and laser ablation. In this paper we compare the 
results obtained by Rutherford backscattering spec- 
trometry (RBS) to those obtained by a microscopic 
analysis, the electron channelling pattern (ECP) 
method. 

2. D e p o s i t i o n  procedure  
The details of the deposition procedure, that we briefly 

summarize below, have been reported elsewhere I-2, 3]. 
Single crystal (1 00) MgO substrates used in this 

work were standard production forms [4] and had not 
been specially selected. Prior to deposition, they were 
cleaned using a standard procedure: degreasing in 
acetone with ultrasonic aid, outgasing in situ near 
700~ under secondary vacuum and then under 
about 0.1 mbar of oxygen. In some cases they were 
first polished with 0.25 gm diamond paste, and this 
stage was shown to improve significantly the surface 
quality with regard to as-supplied samples [5]. 

2.1. Sputtering deposition 
The films were d.c. sputtered onto the single crystal 
MgO substrates placed on a stainless steel holder 
which could be heated to about 700 ~ The substrate 
was placed at a distance of 1.5 cm directly in front of a 
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1:2:3 stoichiometric target (YBa2Cu3OT). The 
sputtering gas was a flowing mixture of Ar and O2 
(about 10 %) which was maintained at a pressure of 
1.5-2 mbar. Under these conditions the deposition 
rate was between 0.5 and 1.0 nm rain- 1. After depos- 
ition the samples were slowly cooled in an O2 atmo- 
sphere and no further processing was required. 

2.2. Laser  ab l a t i on  
An XeC1 excimer laser beam (% = 308 nm) with a pulse 
duration of 40 ns (SOPRA SEL 520) was focused onto 
a very dense ( > 90 % of the theoretical density) stoi- 
chiometric rotating target of YBCO which was at 45 ~ 
with respect to the beam. The substrate was fixed onto 
a stainless steel holder which was heated to about  
700 750 ~ during deposition. The substrate directly 
faced the target and was usually kept at 4.5 cm from 
the target. The deposition was carried out under an 
0 2 flow at a constant pressure of about  0.3 mbar. The 
laser operated at a frequency of 3 Hz with an energy 
by pulse between 80 and 200 mJ. Under these condi- 
tions the deposition rate reaches ~ 10 nmmin  -~. As 
for the sputtered films, after deposition the films were 
cooled to room temperature in an oxygen atmosphere 
and no post-treatment was performed. 

3. S u p e r c o n d u c t i n g  b e h a v i o u r  
Before discussing the structural characterization of the 
thin films we will first briefly describe their super- 
conducting behaviour, systematically studied by 
standard four probe resistive measurements and by a 
specific inductive method described elsewhere [6]. 

The superconducting properties of the films depos- 
ited by the two techniques are quite similar. In both 
cases the superconducting transitions are very narrow: 
typically the full width at half maximum (FWHM) of 
the transition is lower than 1 K, even for the inductive 
measurements which are specially sensitive to the 
homogeneity of the sample. The critical temperature 
Too, defined at R = 0, is routinely found up to 90 K for 
the laser ablated films, and a few degrees lower for the 
d.c. sputtered films. The critical current densities, Jc, 
estimated by transport  measurements are near 
106 A c m  - 2  at 77 K. We have also evaluated the order 
of magnitude of Jc by magnetization measurements, 
using the Bean model, to ~ 107 A cm -2 at 8 K (in all 
cases the values are indicated without applied mag- 
netic field). 

4. Composition 
The composition of the deposited films has been 
routinely determined by energy dispersive spectro- 
scopy (EDS) but this method is not well suitable for 
very thin films because of the emitting volume depth 
( ~  1 ~tm). To obtain more quantitative composition, 
we have performed RBS analyses at room temperature 
using a 1 mm diameter spot beam of 1.8 MeV or 
2 MeV helium ions generated by a Van de Graaff  
accelerator. Due to the light masses of the substrate 
elements (O:16, Mg:24), the backscattering yields 

from the substrate can be easily separated from those 
of the film, as can be seen in Fig. 1. The single masses 
can be resolved if the film is thin enough, as shown by 
the RBS spectrum in Fig. la  of a 67 nm film of YBCO 
(sample S1). Compare  this to the RBS spectrum of a 
l l 2 n m  YBCO film (sample $2) in Fig. lb: now the 
peaks are no longer resolved. The film composition 
and the thickness were determined from the peak area 
and the peak width measurements associated with 
each element. The metal ratios Y :Ba :Cu  are deter- 
mined on the basis of a total of 6 (1 + 2 + 3) metal 
atoms. 

From the RBS spectra, the chemical composition of 
Ba and Cu relative to the Y element was found, for the 
sputtered YBaCuO films on (1 00)MgO (example of 
sample S1), to be close to 1.0:1.9:3.1 stoichiometry 
with a maximum deviation of 5 % in the relative 
concentrations. 

We have found for laser ablated thin films metal 
ratios near 1.2 : 1.8 : 2.9. This composition is very close 
to the one determined as the opt imum one for high 
critical temperature and current density by H. Jhans et  

al. [7]. In fact, structural and physical character- 
izations have confirmed that these laser ablated films 
are of high quality. 

Secondary ion mass spectroscopy was carried out to 
obtain qualitative depth distribution of the laser ablat- 
ed thin films elements (Y, Ba, Cu). The in-depth 
distribution of the various species is presented 
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Figure 1 RBS spectra for two different thicknesses of YBazCu307 
films deposited on (100) MgO by d.c. sputtering: (a) 67 nm and (b) 
112 nm. 

4935 



o 
'O 

107 

10 6 

5 L 

1r 

103 
0 
(a) 

Ba 

Y 

Cu 

t, 
0.1 

I 
0.2 

Depth (p.m) 
0.3 

0 u 

10 7 

10 e 

10 5 

1 0  4 

Ba-., 

cu  

I I 

0 0.5 1.0 1.5 

(b) Depth (l~m) 

Figure 2 SIMS depth profiles analysis for two YBa2Cu307 films in 
situ deposited on (100) MgO by laser ablation: (a) for an 86 nm 
thick film and (b) for a 1100 nm thick film. 

in Fig. 2 for a < 100 nm YBCO film (sample L1) and 
for a largely thicker one (sample L2) deposited on 
(1 0 0)MgO. 

The flatness of these SIMS profiles is characteristic 
of the very good homogeneity across both the 86 nm 
thin film and the 1100 nm thick film (Fig. 2). 

5. Crystalline quality 
A large lattice mismatch (about 9 % and 8 % for the a 
and b directions, respectively) exists between the MgO 
substrate and the YBaCuO films. Accordingly a 
strain-free growth is not expected and the crystalline 
characterization of the film is of primary interest. 

We have systematically studied the films by stand- 
ard 0-20 X-ray diffraction (Bragg Brentano geo- 
metry). This method gives information perpendicular 
to the plane of the sample. The diffractogram corres- 
ponding to a typical sample is shown in Fig. 3a. Only 
the 00 1 type reflections are observed, meaning that 
the c-axis is perpendicular to the MgO substrate for 
all these films, deposited either by d.c. sputtering or 
laser ablation. We have also recorded 0-scans, also 
called "rocking curves" for a principal diffraction peak 
of the film and for the (200) peak related to  the 
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Figure 3 X-ray diffractogram of a typical YBazCu307 film in situ 
deposited on (100) MgO substrate (bottom), and rocking curves 
about the 005 reflection of the film (top left) and about the 200 
reflection of its corresponding substrate (top right). 

substrate. The narrowness of the rocking curves, 
which give information about the mosaicity of the 
samples, indicates the good crystalline quality of the 
films (Fig. 3b). 

X-ray diffraction data obtained in the oscillating 
crystal mode [8] or in the fixed sample mode (Fig. 4a) 
show that the film is quasi single-crystal-like (patterns 
present no rings, but only defined spots, arranged in 
rows in the case of oscillating crystal photographs) 
and that the crystalline axes of the YBaCuO film are 
aligned with those, of the substrate, so that we can 
conclude that the growth is epitaxial in spite of the 
mismatch between the film material and the substrate. 
The RHEED diffraction patterns we obtained on the 
different films also confirm the epitaxial growth, i.e. 
the alignment of the film and substrate axes. Our laser 
deposition chamber is equipped with a RHEED ana- 
lyser, in contrast to the d.c. sputtering one, so that the 
RHEED is systematically performed in situ after de- 
position of the laser ablated films E3] and the narrow- 
ness of the streaks is characteristic for the "atomically" 
flat surface of the film (Fig. 4b, sample L3). In the case 
of sputtered films we must outgas the film at 

700 ~ under vacuum to clean its surface so that we 
can observe the RHEED patterns, but the photo- 
graphs are usually less sharp than the in situ observa- 
tions. The superconducting properties are of course 
destroyed, so only a few samples have been studied. 
Nevertheless, we have in both cases obtained patterns 
characteristic of atomically smooth surfaces. 

The RBS and channelling technique has been used 
in order to evaluate more quantitatively the crystalline 
growth quality of the YBaCuO films. The minimum 
yield value Xmln, defined as the ratio of the yields in the 
aligned and random spectra, is in fact a quantitative 
measurement of the degree of single crystallinity. 

In addition we have used ECP (Electron 
Channelling Pattern) to further characterize the epi- 
taxy [9]. This method uses the rocking of the electron 
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Figure 4 (a) X-ray diffraction photograph of a typical c-axis 
epitaxially grown YBa2Cu307 film deposited on (100) MgO 
substrate: notice the absence of any ring. (b) RHEED pattern of an 
epitaxial YBa2Cu307 film (sample L3) deposited on (100) MgO 
corresponding to the ( 1 0 0 )  azimuth for both the film and the 
substrate: notice the narrowness of the streaks. 

beam which impinges on a "single-crystal" surface 
around its normal. Each time the electron beam is 
in the Bragg position, the yield of backscattered elec- 
trons is slightly reduced. Each family of crystallo- 
graphic planes, normal or slightly tilted with respect 
to the surface, gives a stripe, the azimuth of which is 
the trace of the plane. These stripes cross along the 
crystallographic "pole" corresponding to the axis 
parallel to the beam. Any misalignment of the crystal- 
lites forming the film with respect to each other will 
result in a rotation of the individual "pseudo Kikuchi,' 
lines, strongly decreasing the sharpness of the pattern. 
So this qualitative, but quick and easy to use method, 
is very sensitive to the in-plane perfection of the film 
crystallization. Moreover this technique is an e x  si tu 

and fully non-destructive method. 

5.1. Sputtered films 
The Zmin values of the YBCO films, determined by 
RBS, were found to depend on the deposition condi- 

tions, especially on the deposition temperature. The 
best value for our sputtered fihns, measured on a 
57 nm thick high quality film, is 16% (sample $3), of 
the same order of magnitude as the virgin MgO 
substrate (10.5%). To our knowledge, the best min- 
imum yield values observed up to now for YBaCuO 
thin films deposited on highest quality (100) MgO 
substrates are 7% [10] and 3% [1]. So this value of 
16% determined behind the Ba surface peak confirms 
the good crystallinity of the film insofar as it strongly 
depends on the substrate surface quality [11]. In 
contrast, a Xmin value of 50% was found for an 
YBaCuO film of similar thickness obtained under  
non-optimized deposition conditions (sample $4, de- 
posited at a lower temperature than the optimized 
one). 

We have compared these results to ECP photo- 
graphs. We have found, as expected, a correlation 
between the quantitative analysis (RBS in the 
channelling configuration compared to the random 
one) and the ECP qualitative analysis based at first on 
the visual evaluation Of the contrast and the definition 
of the pattern. Fig. 5 (b and c) shows the photographs 
corresponding to the ECP analysis of two films with 
Xmin values of 16 and 50%, respectively ($3 and $4), 
compared to that obtained on a virgin substrate 
(Fig. 5a). The photographs differ strongly, as in the 
first case we can see a quite sharp ECP diagram 
(Fig. 5b) whereas for the 50% Xrnin film, which appears 
only textured by oscillating crystal X-ray diffraction, 
we cannot distinguish any feature. The rings observed 
on the photographs could be due to a surface layer, 
because of long storage of the films without any 
special precautions ( ~ 2 years). So this non-destructive 
microscopic method gives important information ab- 
out the crystallinity of the thin films and is comple- 
mentary to methods like RBS. 

5.2. Laser ablated films 
We have also analysed laser ablated YBaCuO thin 
films deposited on (100) MgO by RBS and ECP. 
Fig. 6 shows the random and aligned RBS spectra 
corresponding to an 81 nm thick film (L3). Again the 
channelling effect is clearly demonstrated by the Xmin 
value, determined again at 16 % (Fig. 7a) and confirms 
the good crystallinity of the film. We have measured 
this value on high quality films that we obtain rou- 
tinely and not on a specially selected one. So this value 
of 16%, of the same order of magnitude as the value 
corresponding to the virgin MgO substrate, measured 
on several laser ablated films, attests the actual 
crystalline quality of our films. 

We have studied this same film (L3) by ECP. The 
photograph displayed in Fig. 5d shows a sharp dia- 
gram characteristic of high crystalline quality. The 
rings we can see at the center of the photograph could 
be due to an adsorbed surface layer; however this 
sample is more recent and for laser ablated thin films 
the rings on ECP diagrams are more likely to be 
caused by the presence of some droplets on its surface, 
specific to the laser ablated films [12]. 
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Figure 5 Wide angle electron channelling patterns around the [001]  pole of: (a) a virgin single-crystal (100) MgO substrate; (b) an epitaxial 
YBazCu30 v film in situ deposited by d.c. sputtering with Xmin = 16% (sample $3); (c) a simply textured YBazCu307 film in-situ deposited by 
d.c. sputtering with Xm~n=50% (sample $4); (d) an epitaxial YBa2Cu307 film in-situ deposited by laser ablation with Xmi,, = 16% (sample L3). 
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Figure 6 Random (a) and aligned (b) RBS spectra for a 81 nm thick 
film in-situ deposited by laser ablation. 

Because of the large lattice mismatch between MgO 
and YBaCuO, during the initial stage of growth the 
lattice parameters of the film a and b tend to expand so 
as to match the larger lattice constant of MgO, and 
the c-axis will be compressed according to the Poisson 
effect. This compression will slightly change the angle 
between the [3 01] direction in the film and the [101]  
direction in the substrate. So, angular scans through 
the inclined crystal direction have been performed on 
an 81 nm thick film and the results are presented in 
Fig. 7b. The observed difference in the minima of the 
scan of about 0.5 ~ can be attributed to the deviation of 
the [30 1] film direction from the [10 1] substrate 
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direction calculated for an unstrained film (schematic 
drawing Fig. 7) and not as a result of a mismatch- 
induced strain. These results indicate that the YBCO 
orientation is imposed by that of MgO but that the 
81 nm film is relaxed, as expected for the epitaxial 
growth of a system with a large lattice mismatch. We 
find the expected value of 0.5 o between the 1,3 0 1] film 
and the [1 0 11 MgO directions in good agreement 
with results previously reported by J. Geerk et al. [13] 
for a YBaCuO film grown on (1 00) MgO by inverted 
cylindrical magnetron sputtering, or more recently by 
H. Jhans et al. 1-71 for a film deposited by e-beam co- 
evaporation. 

6. Conclus ion 
In summary, in addition to conventional 0-20 X-ray 
diffraction, oscillating single-crystal diffraction and 
RHEED, we have applied two channelling methods to 
further characterize crystal growth of our films, depos- 
ited either by d.c. sputtering or laser ablation. It has 
been shown that ion channelling and random RBS 
spectrometry provide valuable information on the 
behaviour of the films elements and on many aspects 
of the synthesis and analysis of epitaxial growth qual- 
ity of YBaCuO films on (100) MgO substrates. The 
superconducting properties of the films depend 
strongly on their epitaxial quality, determined by the 
minimum yield value, Xrnin- 

R. P. Sharma et al. have extensively studied ion 
channelling along the I-3 0 1] and also 1,3 3 11 axes in 
twinned single crystal YBa2Cu3Ov 1,141. They ob- 
served along the 1-3 0 1] as well as the [3 0 11 directions 
an indication of a double dip, at a separation of 

0.9 ~ , in excellent agreement with the calculated 
rotation, 0.96 ~ of the a and b directions for two 
adjacent domains in the twin model. In contrast we, as 
well as other groups [-7, 13], did not observe this 
behaviour in these c-axis oriented films. We would like 
to emphasize that in the single-crystal, the twin 
boundaries are parallel to each other and control the 
misalignment of adjacent subsets of twin variants. In 
contrast, our films clearly exhibit the presence of small 
crystallites, about 100 x 100 x d nm 3 (d being the film 
thickness), as previously shown by cross-section SEM 
observation of cleaved specimens [151 and recently 
confirmed by scanning tunnelling microscopy (STM) 
experiments [ 16] which have displayed "spiral moun- 
tains" with screw dislocations similar to those pre- 
viously reported [17, 18]. Taking into account these 
small dimensions one can expect that these crystallites 
are untwinned and that the films are in fact formed by 
single crystals with the a and b directions statistically 
interchanged, but forced by the epitaxial growth to 
remain aligned with the substrate unit-cell axes. The 
1,3 0 11 and [30 11 directions of individual crystals are 
of course observed simultaneously. Moreover the 
1-3 0 11%min value appears very sensitive to the pre- 
sence of twins. On twinned single crystals it is as large 

as ~ 40% (and is improved to 18% by removing most 
of the twins) whereas the minimum yield along the 
1,001] direction was only 1.5% [14]. In our ex- 
periments these two values are considerably closer, 
about 37 % and 16%, respectively, supporting again 
the switched untwinned crystals collection hypothesis. 

The electron channelling pattern data which give 
qualitative--but very sensitive to any misalignment-- 
information on crystal quality are in very good agree- 
ment with our diffraction and RBS results. These 
methods complement each other, mainly because of 
the difference in the depth analysis, of the order 
of microns for X-ray diffraction, a few hundred nano- 
metres for RBS, some tens of nanometres for ECP and 
a few nanometres for RHEED. We have shown that it 
is necessary to measure a low Xmi, to observe an 
electron channelling pattern. For a Xmln of 16% we can 
see a sharp ECP diagram, whereas for a Xmin of 50% 
we cannot observe any feature on the ECP photo- 
graph. 
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