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High-quality YBa2Cux0,_-6 films were prepared in situ by laser ablation on SrTiOs ( 100). on MgO ( 100) and on Si ( 111) + Zr02 
buffer layer. We especially investigated the influence of the substrate temperature. In similar preparation circumstances zero 
resistivity has been achieved for films on SrTiOs up to 89.5 K, on MgO up to 84.6 K and on Si( +ZrOz) up to 83.5 K. X-ray 
diffraction analysis was used to study the growth conditions of the films, and to determine the oxygen stoichiometry. The films 
deposited at substrate temperatures above 720°C show pure c-axis orientation with an oxygen deficiency 6~ 0.1. Interdiffusion 
between substrate and layer, analyzed with Auger sputter profiling, could not be observed. The grains of the films on Si+ZrO,, 
studied by scanning electron microscopy, are caused by the polycrystalline buffer layer. These grains largely determine the physical 
properties of the deposited layer. 

Critical current measurements were carried out using wet chemically etched microbridges on the different substrates. At T= 77 
K the values are in the range from 3 x lo6 A/cm’ for films on SrTiO, to 2x lo3 A/cm2 in the case of Si+ ZrOz. The extrapolated 
resistivity at T=O is found to be proportional to the temperature width of the superconducting transition. 

1. Introduction 

High-quality high-T, superconducting films have 
been fabricated by many different techniques [ l-3 1. 
Especially due to the development of in situ prepa- 
ration of YBaCuO films it is possible to produce thin 
films with good physical properties such as perfect 
c-axis orientation, large critical current densities, and 
smooth surfaces [4-61. The relatively low deposi- 
tion temperature is an important feature of the in 
situ process. 

Laser ablation has some distinct advantages in 
comparison with other deposition techniques. The 
experimental equipment is relatively simple. The 
substrate temperature can be varied without dis- 
turbing the ablation process. There is a free choice 
of gas, in our case oxygen, and pressure in the abla- 
tion chamber. This enables the adjustment of the ox- 
ygen concentration of the high-T, material. A further 
advantage of the laser ablation technique is the high 
deposition rate. The effect of the interdiffusion be- 
tween substrate and deposited layer can be mini- 
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mized by choosing the highest deposition rate with- 
out disturbing the growth kinetics of the film. 

The broad interest in the deposition of YBaCuO 
on silicon stems from the possible integration of high- 
T, superconductors with semiconductors for mi- 
croelectronic applications. ZrO, is shown to be a 
promising buffer layer with the use of Si [ 71. Ven- 
katesan et al. [8] showed the positive effect of the 
relative low deposition temperature on the interdif- 
fusion, using the in situ preparation method. 

In this layer we present a parameter study on the 
fabrication of YBaZCu307_-6 films by means of laser 
ablation on Si ( 111) + a 250 nm thick ZrOz buffer 
layer, and compare the results with the data from a 
similar study for SrTiOs ( 100) and MgO ( 100) sub- 
strates. In particular, the influence of the substrate 
temperature was investigated. At low deposition 
temperatures one expects a disturbance of the growth 
of the YBaCuO layer leading to reduced oxygen con- 
centration and a less pronounced c-axis orientation. 
At high deposition temperatures interdiffusion be- 
tween layer and substrate may occur and, because of 



the enhanced mobility at the grain boundaries. the 
occurrence of grains becomes important. The effects 
of the deposition at too low and too high substrate 
temperatures can be clearly seen from temperature- 
dependent resistivity measurements. 

To investigate crystallographic orientations of the 
films and to determine the oxygen stoichiometry in 
relation to the dimensions of the unit cell, X-ray dif- 

fraction measurements were performed. 
Interdiffusion between the silicon substrate and 

YBaCuO prepared at different deposition tempera- 

tures was studied using Auger Electron Spectroscopy 
(.4ES). 

The microstructure of the surface of the thin films 
was determined using Scanning Electron Micros- 
copy (SEM). Some attention was paid to the “par- 
ticle problem”, which can be a disadvantage of the 
laser ablation process. 

2. Experimental details 

The films were deposited with an excimer laser 
(Lambda Physic LPX 110 CC) in the XeCl opera- 
tion mode (308 nm). The maximum laser pulse en- 
ergy is about 150 mJ and the maximum pulse frc- 
quency is 100 Hz. ,4n unstable resonator is used in 
order to obtain better focusing of the laser beam. 

The ablation chamber, with an inner diameter of 
40 cm, and a height of 20 cm. is turbo pumped and 
contains a rotatable target table, quarts windows for 
the laser beam and observation of the plasma a gas 
inlet. and a movable substrate holder. The substrate 
holder consists of a stainless steel plate heated by a 
NiCr (Therm0 coax) wire and it can reach a tem- 
perature of up to 950°C. The temperature of the sub- 
strate is measured with a pyrometer in combination 
with a thermocouple mounted inside a dummy 
substrate. 

The target is a pellet of YBazCu30,_h prepared by 
the citrate/pyrolysis method [ 91 and has a diameter 
of 16 mm. The spot size of the laser beam is typically 
2 mm”. In order to obtain the correct stoichiometry 
of the YBaCuO films, the substrate has to be placed 
at the outer edge of the plasma. The spatial extension 
and the shape of the plasma is influenced by the en- 
ergy density of the laser beam, the density of the tar- 
get. the oxygen pressure in the chamber and, to a 

lesser extent. by the laser pulse frequency. In our ex- 
periments we keep the energy density at about 3 J/ 
cm’. The oxygen pressure is 30 Pa and the pulse frc- 
quency in general is 2 Hz. The target to substrate dis- 
tance is 25 to 35 mm. With these adjustments the 
deposition rate is typically 0.5 .4/shot. In our case 
the deposition time was about 30 min. for a film 
thickness between 250 and 300 nm. 

To stabilize the substrate temperature and to clean 
the substrate. the ablation procedure consists of a 
preheating of the substrate at 77O’C for 30 min. fol- 
lowed by an adjustment of the above mentioned 
ablation parameters: pulse frequency, energy density 
and oxygen pressure. After deposition the film, with 
typical dimensions of 10 x 5 mm’, is cooled down to 
room temperature in 1.5 h in an oxygen atmosphere 
of ambient pressure. No further annealing procedure 
is necessary to obtain good superconducting 
properties. 

The DC resistivity measurements were carried out 
using a standard four-probe method with pressure 
contacts of gold. The current densities used in these 
measurements were between I and 10 A/cm’. Mi- 
crobridges of 10 urn wide and 100 pm long were 
structured in the films by wet chemical etching using 
standard photo resist and diluted H,PO, ( I : 150) as 
the etchant. Such bridges were used for the critical 
current mcasuremcnts. 

X-ray diffraction patterns have been obtained by 
a Debye-Scherrer diffractometer with a C’u Ka 
source. SEM pictures were taken with a Philips PSEM 
500 and .4uger sputter profiles were made with a 
Perkin-Elmer PHI-600 Multiprobe. 

3. Results 

The substrate temperature during deposition is a 
crucial parameter. as is well known from the litera- 
ture. The temperature of the substrate differs from 
that of the heater depending on the heat balance for 
the substrate. In this respect. the thermal contact re- 
sistance. which depends on the force at which the 
substrate is clamped onto the heater, is of impor- 
tance. Also the thermal conductivity of the substrate 
and the emissivity have to be considered. The latter 
quantity can even change during the deposition of 
the YBaCuO layer. Finally. the plasma itself influ- 



D.H.A. Blank et al. / YBCOjlms prepared by laser ablation 425 

ences the surface temperature of the substrate. We 
found that the temperature of the substrate can be 
150°C lower than that of the heater. For a compar- 
ison of the results obtained with the different sub- 
strates it is important to know the correct substrate 
temperature. Therefore the temperature is measured 
in two different ways. A thermocouple, which is 
placed in a dummy substrate, is used and the ob- 
tained data is verified with a pyrometer. In this way 
the correct value of the temperature can be given to 
within 15 K. 

Resistivity measurements of YBaCuO films on the 
three substrate types, prepared at different substrate 
temperatures ( Tsub), show similar temperature be- 
haviour. All curves exhibit a linear temperature de- 
pendence of the resistivity above Tz 110 K. The on- 

set temperature, To,,, varies from 88 to 91 K and is 
almost independent of Tsub. The temperature at 
which zero resistivity is reached ( T,,,,), however, is 
strongly dependent on Tsub and the substrate type. 
Table I gives an overview of the data obtained from 
the YBaCuO films on SrTi03, on MgO and on 
Si + ZrOz. 

In fig. 1, T,,,, is given as a function of the substrate 
temperature for the three different substrates. We 
define this T,,,, as the temperature at which the re- 
sistivity is less than lo-’ L2cm. All films were pre- 
pared under the same ablation conditions, so that the 
results can be mutually compared. It is seen from the 
figure that in the case of SrTiOx good results 

( T,,,, > 88 K) are obtained for Tsub> 720°C. The 
maximum value of T,,,, for MgO is lower (85 K) 
and a broad optimum has been found in the tem- 
perature range from 730’ C to 760” C. This optimum 
is more pronounced for the Si+ZrOz substrates. At 
higher values of Tsub the superconducting properties 
deteriorate. The highest reachable T,,,, with these 
ablation parameters is 84 K. 

The crystallographic properties of the deposited 
layers were studied by X-ray diffraction experi- 
ments. The data show perfectly c-axis oriented films. 
The intensities of the (001) reflections of YBaCuO 
are of the same order of magnitude in the cases of 
Si+ZrO* and SrTi03, whereas the reflections for 
MgO are of considerably lower intensity. Figure 2 
shows the intensities of the (005) reflections of the 
YBaCuO films on the three different substrates at 
various Tsub_ The same figure depicts the ( 11 O/ 103 ) 

reflections. It is remarkable that these intensities are 
very small even at low deposition temperatures. 

The oxygen content of the YBaCuO films is an im- 
portant parameter for the superconducting proper- 
ties. Because the films are made in situ, one expects 
a direct influence of the deposition temperature on 
the oxygen stoichiometry: the a-axis and c-axis in- 
crease, whereas the b-axis decreases with decreasing 
oxygen concentration. This behaviour was described 
by Cava et al. [ lo] and from their data we calcu- 
lated the oxygen concentration from the 20 values of 
the X-ray pattern. The results are given in fig. 3. The 
films made at high substrate temperatures have the 
highest oxygen content. 

Special attention was paid to the interdiffusion be- 
tween silicon, Zr02 and YBaCuO. For this purpose, 
depth profiles and line scans were carried out with 
AES. On the silicon ( 111) substrates an amorphous 
buffer layer of zirconium oxide was deposited by a 
sputter process. The buffer layer was crystallized at 
a temperature of 700°C for 30 min, just before the 
ablation process started. In fig. 4 the Auger sputter 
profile is given in the case of an YBaCuO film on 
Si+ZrO*, deposited at 700”. The sputter rate was 
calibrated on 100 nm Ta205, as 46 nm/min. A clear 
separation between the YBaCuO, ZrOz, and Si lay- 
ers can be seen. With this depth profile also the ho- 
mogeneity of the layer (e.g. the amount of elements 
Y, Ba, Cu and 0 during the deposition) becomes vis- 
ible. No silicon has been found in the YBaCuO layer 
from these depth profiles. In the Auger sputter pro- 
file measurements, the detection limit for Si was 1%. 
With Auger line profiling parallel to the substrate, 
some indications of Si diffusion along the grain 
boundaries in the ZrOz buffer layer were found. The 
intensities of the peak to peak value of Si2, corrected 
for topographic errors, are given in fig. 5 for a film 
deposited at a Tsub of 750°C. The SEM picture of the 
cleaved surface shows the granular structure of the 
ZrO, buffer layer and, although very small, an in- 
crease of the Si, intensity can be seen at the grain 
boundaries. 

The sizes of the grains in the YBaCuO layer and 
in the polycrystalline ZrOz buffer layer on the Si sub- 
strate have been investigated by SEM. Figure 6 shows 
a picture of a YBaCuO bridge used for critical cur- 
rent measurements. It can be clearly seen that the film 
consists of grains with typical dimensions of 1 urn. 
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Table I 

Some characteristic data of a number of YBaCuO films. with a typical thtckness of 250 nm deposited on ( 100) SrTiO,, ( 100) MgO and 

( 1 I 1 ) Si + buffer layer of 250 nm ZrO,. The films are prepared at different substrate temperatures Trub. The resistivity at T= 300 K, 100 

K and the extrapolated resistivity at T=O K are given. The table contains the onset and zero temperatures (To,, and 7;,,). using a 

measuring current density of 10 A/cm’. For some films the critical current densities (I,,) at 7‘= 77 K are given using microbridges with 

dimensions of 10 urnx 100 pm, and structured by wet-chemical etching. 

I Pm ““S Tm 
(K) 

The polycrystalline buffer layer imposes this grain 
structure on the YBaCuO layer. This effect can be 
clearly demonstrated by chemical etching, because 
the grain boundaries are especially sensitive to the 
etching. 

A disadvantage of laser ablation can be seen from 
fig. 6. Together with the (partially ionized) elements 
some droplets leave the target. They are responsible 
for the ball shaped particles on the film surface with 
a typical diameter of 1 urn. Although the film itself 
is very smooth, these particles make the surface rough 
and therefore not very suitable for multilayer appli- 
cations. With optimization of the target with respect 
to density and grain size, we were able to decrease 

the number of particles, but further investigations 
have to be done to overcome this nuisance. 

Critical current measurements were performed 
with the type of microbridges shown in fig. 6. In ta- 
ble I an overview is given of the results for the dif- 
ferent substrates. The critical current in the case of 
the Si substrates is rather low. Resistivity measure- 
ments show a degradation of the film: the transition 
width becomes broader, due to the wet etching, 
whereas the films on SrTiO, were not deteriorated 
after the etching. Films on Si + ZrO, were also struc- 
tured by the excimer laser, using a contact mask. In 
this case there is no influence on the transition width 
and the critical current in these films is one order of 
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Fig. 2. The intensities of the (005) reflections of YBaCuO films on three different substrates at various TsUb. The triangles represent the 
( 1 lO/ 103) reflections of the YBaCuO films on MgO. 

magnitude larger than the critical currents of the films 
structured by wet etching. 

thin films. Table I shows the obtained data from such 
measurements for a number of deposited films. For 
our measurements it turned out that the value of the 

4. Discussion 

Resistivity measurements contain a variety of val- 
uable information about the electrical properties of 

resistivity at room temperature (pSoo K) is charac- 
teristic for the superconducting properties of the film: 
the lower the resistivity, the higher the T,,,. 

The resistivity of the YBa2Cu307_-6 compound 
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Fig. 3. The c-axis and oxygen stoichiometry of YBaCuO on three different substrates at various 7iuh calculated from the 20 values of the 

X-ray patterns, using data from ref. [ IO] 
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Fig. 4. Auger sputter profile of an YBaCuO film deposited on Si with a 250 nm ZrOz buffer layer deposited at a substrate temperature of 

700°C. 

shows a linear temperature behaviour between 300 
and 1 10 K, as is well known from the literature [ 12 1. 
The temperature dependent resistivity can be de- 
scribed by p= apBG +po+pa, with pet the resistivity 
from the classical Blach-Griineisen theory, which for 
this compound leads to a linear temperature de- 
pendency in the above mentioned temperature range, 

using an effective transport Debye temperature of 
O*, =200 K [ 131. The residual resistivity 
pO=p( T=O) is due to impurities and lattice imper- 
fections and is almost temperature independent. The 
extra resistivity pa is due to grain boundaries and ad- 
ditional imperfections such as interface reactions. If 
the grain boundaries are responsible for this extra 
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Fig. 5. SEM picture of a cleaved surface of an YBaCuO layer deposited at 750°C on Si+Zr02. The dots represent the intensities of the 
peak to peak values of Si2 in the ZrOs buffer layer. The values are corrected for topographic errors. 

resistivity, then their behaviour depends on the 

properties of the boundaries themselves. In the case 

of the films deposited on SrTi03 at higher substrate 

temperatures, pa is almost negligible. We were able 

to fit the data of the best films to the Bloch-Grii- 

neisen theory, using @, ~200 K, and obtaining 
p,,= 20 &!cm (see fig.7 ). In the case of all other films, 

pa becomes important and the determination of p0 is 

to some extent uncertain. For this reason we used the 

linearly extrapolated value of the resistivity at T= 0 
K: pEX. The values of&X can be extracted directly 

from the measurements and appear to be a good 
measure of the quality of the films. From the data 

given in table I one can conclude that pEX is StrOngly 

dependent on the type of substrate. 

The films deposited on SrTi03 have the lowest 

value of pEX ( -x 10 p&m). The pEX of the films, 
deposited on MgO and Si+Zr02 and prepared un- 
der optimum conditions, are significantly larger, in- 

dicating the occurrence of grain boundaries. The data 

for J,, Tons- T,,,, and p300 K confirms this. The crit- 

ical current density in the film is limited by the grain 

boundaries (weak links) because of its SNS type be- 
haviour [ 141. This effect can especially be seen in 

the films deposited on Si + ZrOz, where the number 

of grains is large due to the polycrystalline buffer layer 

of ZrOz. The YBaCuO grains have the correct oxy- 

gen content, the X-ray patterns show only (001) re- 

flections with high intensities, and To,, is almost in- 

dependent of T,,,; in other words, the bulk properties 

of the YBaCuO grains are still in order and one 
should not expect a distribution of Tc's over the in- 

dividual grains. Below the onset temperature the re- 
sistivity in the grains is zero and the grain bounda- 

ries are responsible for the resistivity. The dimensions 

of the grain boundaries, the measuring current and 

the temperature determine the transition width. We 

found a strong linear correlation between the tran- 

sition width and the pEX resistivity. In fig. 8 we have 

plotted the data for a number of films, even when 

they were prepared far from optimal conditions. 
The substrate temperature is of great importance 
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Fig. 6. SEM picture of a wet etched YBaCuO bridge on Si +ZrQ with typical dimensions of IOX 100 wrn’. Notice the polycrystallinr 

structure of the film. 
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Fig. 7. Temperature dependence resistivity of an YBaCuO film on SrTi03 ablated at a substrate temperature of 775 ‘C. The dashed line 

is the Bloch-Ciriineisen fit with 0; = 200 K. The solid line is peG+po, with pO= 20 @cm. 

for the fabrication of films with the correct super- Although the X-ray diffraction patterns show c-axis 

conducting properties. At low deposition tempera- oriented films, their intensities are 10 to 100 times 

tures the superconducting properties are very poor. smaller than the intensities of films deposited at high 

The influence of the substrate is negligible (see fig. temperature. Below 69O’C ( I lO/ 103) reflections 

1 ); Tz.m values do not differ for different substrates. occur (see fig. 2 ), but their intensities are small, 
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Fig. 8. Relation between the transition width and RO/R300 for a number of deposited YBaCuO films on different substrates. 

compared to the (005) reflections. This means that 
the films is less crystalline and becomes amorphous. 
To know to what extent this effect occurs, further in- 
vestigations have to be done, especially regarding the 
peak width of the reflections. The calculated oxygen 
values in the film (see fig. 3) decrease with decreas- 
ing substrate temperature. This is a bulk effect, be- 
cause the influence of the oxygen content on To,, be- 
haves in the same way as indicated by Cava et al. 

[lOI. 
At high substrate temperatures the influence of the 

substrate becomes obvious. In the case of SrTi03, the 
properties become better at higher substrate tem- 
peratures. The resistivity at room temperature as well 

as &x decrease. T,,, increases and the transition 
width becomes smaller (see table I). X-ray diffrac- 

tion measurements only give (001) reflections and 
the calculated oxygen content yields 610.1 (see fig. 
5 ). In the case of MgO substrates the same depen- 
dence on the deposition temperature is observed, al- 
though there is an indication of an optimum tem- 
perature range from 730°C to 760°C. Nevertheless, 
the highest reachable T,,, is smaller than that for 
films on SrTi03. The same holds for To,,. In the case 
of Si+ZrOz the substrate influence is remarkable. 
The values of psoo K and pEX are one order of mag- 
nitude larger than in the case of SrTi03 and MgO 
(see table I) and T,,,, decreases with higher sub- 

strate temperatures (see fig. 1). X-ray diffraction 

measurements show only (001) reflections and the 

calculated oxygen content is very high (see fig. 3). 

From these measurements it can be concluded that 

the grains have the correct stoichiometry, are fully c- 

axis oriented and have the correct oxygen content. It 

follows that the grain boundaries in the film are re- 

sponsible for the broadening of the transition. The 

diffusion of silicon along the grain boundaries - an 

effect which becomes stronger at higher deposition 

temperatures - can be an explanation for this be- 

haviour. The diffusion of Si along the grain bound- 

aries is a crucial problem in the case of silicon sub- 

strates, as follows inter alia from this article. For that 

reason we have studied the Auger sputter profiles in 

more detail. These results will be published in a sep- 

arate paper [ 111. 

The X-ray diffraction patterns show some re- 

markable results in the case of the MgO substrates. 

Although the films on MgO show only (001) reflec- 

tions, their intensities are significantly smaller than 

those in the case of SrTi03 or Si+ZQ. An expla- 

nation could be the stress in the films on MgO. The 

crystal lattice of MgO (4.2 12 A) deviates more from 

the a-axis (3.8206 A) or b-axis (3.8852 A) of 

YBaCuO than that of SrTi03 (3.905 A), and in the 

case of the crystalline ZrOz on top of Si this stress is 
of less importance because of the grains and the lat- 
tice constants of ZrOz. 
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Finally, we studied the influence of the laser pulse 
frequency. The films on SrTiOs have better prop- 
erties at lower frequencies of the laser pulses. i.e. at 
I or 2 Hz compared to 10 or 15 Hz. This does not 
hold for films deposited on Si + ZrOz. In a wide range 
of frequencies ( 1 to 20 Hz) almost no effect was 
found. It should be mentioned that the films on 
SrTi03, deposited at a pulse frequency of 15 Hz, have 
the same Tzero as in the case of Si +ZrOz. From this 
we can conclude that films with the highest quality 
will be obtained with the lowest deposition rate 
(lowest pulse frequency of the laser), provided that 
the substrate is not sensitive to diffusion, as in the 
case of Si + ZrO,. 

Another fact is the difference between T,,,, of the 
deposited film and T,,,, of the target used. Although 
T,,,, of the target is 93 K. it was not possible to make 
films with the same T,,,, (or even To,,). A possible 
explanation is a deficiency of copper. Energy dis- 
persive X-ray analysis confirms this. 

5. Conclusions 

Laser ablation is a convenient method to produce 
high-quality high-ir, films on various substrates. We 
have shown the results on ( 100) SrTi03, on ( 100) 
MgO and on ( 111) Si + ZrO, for in situ preparation. 
The resistivity at room temperature and the linearly 
extrapolated value of the resistivity (pEX) are a good 
measure of the physical properties of the film, such 
as the transition width and J,. A linear correlation is 
found between pEx and the transition width. 

The substrate temperature is a crucial process pa- 
rameter. At low deposition temperatures the films 
are amorphous and do not have the correct oxygen 
content. At higher deposition temperatures there is 
a distinct difference between the substrates used. 
Films on SrTiO, and MgO behave as high quality 
crystalline layers with low resistivity, high critical 
currents and sharp transitions. The films on Si + ZrOz 
show perfect c-axis orientation and high oxygen con- 
tent, although the resistivity is quite high and the 
critical current small, indicating good bulk proper- 
ties of a polycrystalline layer with weakly coupled 
grains. The properties of the YBaCuO layer are 
strongly dependent on the grain size of the buffer 
layer. 

The 250 nm buffer layer of ZrOz on the Si sub- 

strate prevents diffusion of silicon into the YBaCuO 
layer. If one succeeds in producing a buffer layer on 
Si with a less granular structure, the quality of the 
layer is expected to be comparable with the quality 
of layers deposited on MgO. 

Structuring by excimer laser instead of chemical 
etching is favoured in the case of granular films. like 
those on Si + ZrO,. 
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