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Abstract

The pseudo-spark electron beam ablation (PSA) technique is a compara-
tively simple and inexpensive method to deposit thin films of oxide materials.
The effect of the electron beam power density on the efficiency of the PSA
is studied. Results concerning the optimization of the deposition process
of high quality superconducting YBajCuaOr-^ thin films on single crystal
SrTiO3 substrates are reported. Correlation between processing parameters
and superconducting properties of the thin films are presented: in particu-
lar, the effects of the break-down voltage of the pseudo-spark and geometrical
arrangement of the target-substrate-beam system on the Tc of the resulting
films. In situ spectral analysis of the radiative emission from the plasma plume
has been performed at different distances from the surface of the target and
at different break-down voltages of the pseudo-spark. The role of the oxygen
pressure in the PSA process, which could be one order of magnitude less than
that for a typical laser ablation system, is discussed.



1 Introduction

Laser ablation has become a powerful method for the deposition of high Tc thin
films with both high critical temperature and high critical currents [1], [2], [3],
[4]. As the main feature involved in the pulsed laser ablation (PLA) method is the
interaction of nanosecond pulsed photon beams with high enough energy density and
target materials, it becomes interesting from both technological and physical points
of view, to investigate the use of intense electron beams with comparable energy
density to produce high Tc thin films. In the pseudo-spark discharge, occurring
in the high voltage low-pressure region of the Paschen curve, nanosecond electron
pulses with energy density in the order of few Joules/cm2 are generated [5] and
the use of ablation technique to deposit oxide superconducting layers based on this
phenomena has already been described [6]. The appealing features of this novel
technique are in the compactness and the simplicity of operation, together with low
cost figures. Therefore, studies on the intrinsic features of the PSA, optimization
of deposition parameters and investigation of the physical processes taking place in
the evaporation are very important for the application of this technique, as well as
for its physical understanding. In this presentation, we report some of correlations
between deposition parameters and superconducting properties of the thin films,
and an analysis of the fluorescence emission from the plasma plume induced by
pseudo-spark ablation at different break-down voltages.

2 Experimental

The experimental set-up is schematically shown in Fig.l. The pseudo-spark dis-
charge is a high voltage low-pressure gas discharge operating on the left side of
the Paschen curve at pressures below around 100 Pa [5]. The main feature of a
pseudo-spark chamber is the combination of a hollow cathode, producing high elec-
tron currents, with an accelerator system consisting of a stack of parallel electrodes
separated by insulators, and with a pre-discharge trigger circuit, which effectively
controls the discharge voltage. Details about the pseudo-spark have been described
in Ref.6. The total capacity of the capacitor bank is 32.4 nF. The temporal evolution
of the discharge current, modified by the oxygen pressure, presents pulse width of
the beam always less than 100 ns. The electron beam is magnetically self-pinched
with beam diameter of about 2.5 mm and intrinsic beam current of 5 kA. Calori-
metric measurement shows a 4% efficiency of energy transfer to the target for a 20
kV pseudo-spark in an oxygen pressure of 1 Pa.

In situ deposition of thin films by PSA is similar to the pulsed laser ablation process
(PLA). A pulsed electron beam shots at a rotating stoichiometric YBajCusO?-*
target at an incidence angle of 45°. Ablated material is deposited onto a heated
single crystal SrTiO3 (100) substrate in an oxygen pressure of 1 to 1.3 Pa. Two
substrates are placed in parallel and mechanically clamped to the heater. On one
of them a Chromel-AIumel thermocouple is fixed by silver paste. The thermocouple



readings are checked with a calibrated pyrometer and found accurate within 10 °C
in the range 600-900 °C. The goodness of the thermal contact between substrate
and heater is controlled by comparison of the thermocouple temperature and the
power delivered to the heater. At any given power, the temperature of the substrate
resulted reproducible within 10 °C. Substrate temperature is kept at 750 °C during
deposition. An oxygen jet is injected in the region close to the path of the extracted
electron beam and the target. Therefore, local pressure in the plume near target
surface must be higher than the monitored value. The repetition rate of the pulse
is typically 0.25 Hz. After deposition, the oxygen pressure is increased to 5xl04

Pa and the substrate is slowly cooled down to 450 °C, kept at this temperature for
30 minutes, and finally slowly cooled down to room temperature. The thickness
and roughness of the films are detected by an alpha-step system. Average thickness
divided by the number of electron beam shots and repetition frequency gives an in-
dication of the deposition rate. 9-28 x-ray diffraction patterns are collected to check
the film orientation. Tc is measured resistively by a standard four wires method.

The experimental apparatus for in situ detection of fluorescence emitted from a re-
gion 0.2 x 0.2 x 2 mm3 inside plasma plume has been described elsewhere [7]. In
brief, fluorescence light is focused through a lens collection system to the input of
an optical fiber and is transmitted to the entrance slit of a spectrograph. Simulta-
neously, a photodiode is used to detect the total intensity of light emitted by both
the electron beam and plasma plume, providing trigger pulse for the fast digital
oscilloscope used in time resolved analysis of the fluorescence signal and monitoring
the stability of the electron beam. Spectra of the different atomic species in the
target were recorded with break-down voltages of the pseudo-spark ranging from
18 kV to 24.5 kV collecting the light emitted from a region 5 mm above the target
surface.

3 Results and Discussion

Once the process parameters affecting the generation of the electron beam, depo-
sition rate and preservation of stoichiometry are set, it is very straightforward to
produce YBa2Cu3O7_x thin films showing good metallicity, quite sharp transitions
with zero resistance values as high as 88 K. The films show strong orientation with
c-axis parallel to the normal of the substrate. The proper setting of the many pa-
rameters involved, however, requires a good knowledge of the fundamental processes
occurring in PSA. At this stage of study, we therefore concentrate ourselves on the
deposition process leaving to a second stage the optimization of thin films in terms
of purity, orientation and transport properties.



3.1 Efficiency of the PSA Process

In principle, the ablation process takes place if the specific energy density exceeds
values in the order of 104 J/cm3, depending on the target materials. Since the range
of the electrons into the bulk materials is around one micrometer, a beam energy
density of 1 J/cm2 is necessary to start ablation. However the load of the electron
energy into a thin layer of the target has to be very short, otherwise the energy
dilutes into the bulk material because of heat conductivity.

Therefore the main parameter of the ablation process is the power density of the
electron beam at the target surface. The power density is calculated by measuring
the electron energy, the current and the mean diameter of the beam at the target.

The electron energy is estimated from a Bremsstrahlung-diagnostic and by us-
ing Ross filters [8]. Simultaneously the beam current is measured by a Rogowski
coil. The average beam diameter is estimated from a pin hole photographs of the
Bremsstrahlung-emission from the surface of the target.

Fig.2 shows the power density of the pulsed electron beam at different break-down
voltages and an oxygen pressure of 0.8 Pa. A value of 2.5 mm for the average beam
diameter is used in calculation. The power density systematically increases with
voltage. The duration of the pulse, deduced from Fig.2, is in the order of several
tens of nanoseconds. The integral of the power density over time multiplied by the
cross section of the beam gives the energy E(, that the beam released to the target.
Introducing the stored energy Ec=0.5CV2, C and V being the total capacity and
the break-down voltage, respectively, we can define an efficiency rj to characterize
the PSA:

The power density of the beam is also pressure dependent. This pressure depen-
dence results firstly from the effects intrinsic to the gas discharge itself and secondly
from the complex processes during the propagation of the intense beams through
the neutral gas [9]. Fig.3, shows such pressure effects on the power density of the
beam; for example, a double peak appears at higher pressures. The point is that this
pressure dependence of the discharge affects sensitively the efficiency of the energy
transfer to the target and rj decreases with increasing pressure, as shown in the inset
of Fig.3. Therefore, oxygen pressure is not only a very important parameter in the
deposition of thin films, but also for pseudo-spark ablation.

3.2 Alignment Effects

At various break-down voltages of the pseudo-spark discharge, the geometric align-
ment effects are studied by comparing thin films obtained in an in-axis configuration
with films produced with the substrate slightly displaced from the target normal di-
rection. The substrate is placed 40 mm away from the target surface. The Tc of



films deposited on-axis and slightly off-axis as a function of break-down voltage of
the pseudo-spark is shown in Fig.4. Inset defines parameters of the on-axis and
off-axis deposition. R represents the film resistance at 100 K. It is evident that
on-axis deposition produces films with higher Tc than the ofT-axis deposition. It is
interesting to note that the Tc of the films do not strongly depend on voltage. This
result shows that,' even at voltage 18 kV, the energy density of the electron beam
is above the threshold required for ablating YBa2Cu3O7_a- thin films. In fact our
measurements indicate that deposition rate is 0.5 nm/pulse and 1.4 nm/pulse for
voltages of 18 kV and 24 kV, respectively.

3.3 In situ Fluorescence Spectroscopy

The in situ optical spectroscopic analysis of the plasma plume has been performed
averaging the fluorescence intensities over at least 100 e-beam shots. The intensity
of emission as a function of voltage is reported in Fig.5. The fluorescence lines used
for the analysis are given in Table 1. Inset of Fig.5 reports the total intensity of
light from beam and plume collected by a photodiode as a function of break-down
voltage, showing a linear increase with the voltage due to the increase of the beam
energy. This measure w?i repeated while acquiring data for each of the considered
fluorescence lines, and the obtained results demonstrate that the electron beam
is essentially stable, which is important both for thin film deposition and for the
spectral analysis to be presented in the following. In order to eliminate the small
fluctuations due to minor electron beam instabilities, the fluorescence intensity has
been normalized to the above mentioned total intensity of the light collected by a
photodiode.

Spectral analysis at various break-down voltages of the pseudo-spark allows us to
study the energy dependence of the emission. The data are collected at a distance
of 0.5 cm above the target surface. The change in the pseudo-spark voltage does
not strongly affect the normalized intensity of signal, particularly in the case of Ball
emission. For YI/YII and YO emission, however, the intensify increases slightly in
the whole voltage range, while for neutral Ba and Cu emission, below 22 kV, the
normalized intensity increases and then it slowly decreases. In order to compare the
behavior of the different species, we plot in Fig.6 the relative fluorescence intensities
of Cul, YI+YII and YO with respect to the intensity of Bal+Ball as functions of
the voltage. Linear increase is observed for the yttrium and yttrium oxide, while the
relative intensity of Cul is stable below 20 kV, and then increases with increasing
voltage above 20 kV. The different behavior may be related to some target modi-
fications which have been reported to occur in laser ablation process [10], [12]. In
this case, it is found that an yttrium rich shell surrounding a core with higher Ba
and Cu levels forms on the target surface after being exposed to hundreds of laser
shots: the depth of this shell is in the order of one micron. Assuming that a similar
effect takes place in PSA, we can give an interpretation of the discharge voltage
dependencies of the intensities. In fact, both energy density and penetration depth



of the electron are voltage dependent. Increasing the voltage of the pseudo-spark,
electron beams with higher energy density can penetrate to deeper levels below the
Y-rich shell, and ablate Cu in the core. Estimating from Fig.6, such a threshold
voltage is 20 kV for Cu. It is surprising to find that such value of the voltage is
consistent with results of energy dispersive x-ray analysis of the target surface after
laser ablation, where it was impossible to detect copper using electron energy below
15 kV [10]. In laser ablation, such phase segregation on the target surface does
not substantially change the stoichiometry of films when the energy density of the
laser beam is below an upper limit. However, decomposition does occur in PL A
thin film deposited at energy density in excess of 3.4 J/cm2 using 308 nm light [12].
Such phase decomposition does not take place in our thin films deposited at energy
densities ranging from 4 to 7 J/cm2 (corresponding to a voltage range of 18 to 24
kV). Possible explanation of this fact is the difference of the interaction between
electron beams and laser beams with the target. The penetration depth for elec-
tron beam and laser beam are quite different. At the working voltage of PSA, the
electron beam can penetrate to about one micron into metals [13]. Assuming that a
shell-like phase segregation on the ablated target surface occurs, increasing energy
density of the laser beam possibly ablates more Y in Y-rich outer shell than Ba and
Cu in the core, yielding both formation of green phase and other impurities in the
films [12], In contrast, a higher voltage of the pseudo-spark results in both higher
energy density and deeper penetration of the electron beam. Substantially, the Ba
and Cu in the core can also be removed together with the Y in the shell, resulting
in a more stable stoichiometry of the deposited films. This is useful because one
of the ways to improve the homogeneity and the smoothness of the thin film is to
place the substrate far enough from the target. Therefore, high enough energy of
the beam is needed to obtain reasonable deposition rates on the substrate.

The delay of center of mass of the time resolved fluorescence signal provides in-
formations on the time needed to materials expelled from the target to fly to the
observation point. We can define an average velocity of center of mass dividing
the distance from the target by the corresponding delay. Such center of mass ve-
locity slightly increases with the voltage, as shown in Fig.7. The typical error bar
reported in the figure accounts for the problems related to trigger fluctuations dur-
ing the temporal recording of signal, which can affect the determination of instant
t=0 in the calculation of the delay of center of mass. As already reported for PLA
experiments [7], velocity is larger for ionized than for neutral species, indicating the
presence of plasma accelerating electric fields acting on ionized particles.

3.4 Role of Oxygen
One of the main differences between PSA and PLA is the fact that the oxygen
pressure in PSA is not at all a free parameter. Its role is multi-fold. It has to be
relatively high to provide gas neutralization background for the self-pinching and
propagation of the extracted electron beam [9]; this is also crucial for obtaining high



Tc thin films [2], [11], [14], [15], [16]. On the other hand, we find that in order to
obtain stable pseudo-spark discharge and effective ablation, the oxygen pressure has
to be kept below a limit, which is 1 Pa in our experiments. This is consistent with
the investigation on power density of the pseudo-spark as a function of the pressure.
By decreasing oxygen pressure, the maximum power density increases whereas the
pulse width becomes shorter. Therefore, in our experiment, the oxygen pressure is
kept between 1 and 1.3 Pa. At such a low pressure in pulsed laser ablation, zero
resistance temperature of YBCO film falls to 30 K [17]. However, by introducing
oxygen directly into the plume and keeping the same background pressure, Tco of
89 K was reported [2]. In our case, oxygen is injected toward the extracted electron
beam and, considering the mechanism of the beam propagation, we suppose that
relatively high quantities of ionized oxygen formed in the neutralized background
along with the electron beam, enhance the collision probability of the ablated species
with the oxygen. This can also explain why our thin films are so sensitive to the
geometric alignment of the substrates and only on-axis deposition can produce higher
Tc, even at a distance of 40 mm between them.
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Figure Captions

Figure. 1 Schematic drawing of the pseudo-spark electron beam ablation device
consisting of four sections: the deposition chamber, a stack of electrodes and
insulators, hollow cathode, and a pre-discharge trigger.

Figure.2 The power density of electron beam pulses measured at different break-
down voltages of the pseudo-spark discharge in 0.8 Pa oxygen pressure.

Figure.3 The power density of the electron beam pulses measured at 20 kV break-
down voltage of the pseudo-spark discharge in different oxygen pressures. Inset
shows the pressure dependence of the efficiency of the energy transfer to the
target by the pulses.

Figure.4 Tc of films deposited at various break-down voltages of the pseudo-spark
discharge with the substrate on and off the axis of the plasma plume. R
represents the resistance of the film at 100 K. The inset shows the geometric
alignment of the substrate. The distance between target and substrate is 40
mm.

Figure. 5 Fluorescence intensity of different species (see Table I) measured at var-
ious break-down voltages of the pseudo-spark discharge. The inset shows the
total intensity of the light emission from electron beam and from the plume of
the ablated material, collected simultaneously by a photodiode. Also shown
is the typical error bar obtained averaging over one hundred of electron beam
shots.

Figure.6 Fluorescence intensity of neutral copper, of the sum of neutral and ionized
yttrium, and of yttrium oxide relative to the sum of the fluorescence intensities
of neutral and ionized barium as a function of break-down voltage of the
pseudo-spark discharge. The typical error bar obtained averaging fluorescence
intensities over one hundred of electron beam shots is shown.

Figure.7 Average velocity of the Center of Mass of the time resolved signal of
the fluorescence of different species (see Table I) as a function of break-down
voltages of the pseudo-spark discharge. Also shown is the typical error bar
obtained averaging fluorescence intensities over one hundred of electron beam
shots.

Table. 1 The emission lines and wavelengths of the atomic and molecular species
used for the fluorescence analysis in this work. Transition levels, electron states
/molecular band and ionization potential of the atomic species are also listed.



Table. 1 Emission lines for spectral analysis in this work

Cul

YI

Yn
Bal

BaH

YO

wave length

A

5105.54

5503.45

5087.4

6110.78

5853.68

6199.82

energy level

cm"

11203-30784

1586^-34030

8743-28394

9597-25957

4874-21952

A2n1/2 - x 2 i

electron states

or band

3dlo4s2S1/2

5s24d2D11/2

5s2 %

5p66s21So

5p66s2SU2

(33) QI + QR

ionization
potential
in cm"1

62317

52000

99000

42035

80687

10
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