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lon implantation followed by

laser/pulsed plasma/ion beam annealing:
a new approach to fabrication
of superconducting MgB, thin films
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Abstract. The paper presents a new approach to formation of superconducting MgB, thin films: ion implantation
followed by annealing in an unconventional second step treatment using pulsed laser, plasma, or ion beams. Merits and

drawbacks of individual approaches are discussed.
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Introduction

The number of papers on magnesium di-boride pub-
lished since the discovery of superconductivity in MgB,
in 2001 [6] exceeded the number of papers devoted to
other metallic superconducting materials. That reflects
some high expectations raised by this new material,
since its advantages include the highest critical tem-
perature of superconductivity (7:) among metallic and
inter-metallic compounds, as well as low-cost of its
components. These expectations apply both to the bulk
and to the thin film forms of the material.

Several PVD, CVD and ion beam techniques have
been used to form thin superconducting MgB, films.
A common feature of most of these techniques is in situ
or ex situ conventional annealing of the Mg-B system,
normally performed at some temperature between 600
and 950°C in Mg vapor or in some inert gas to prevent
excessive loss of magnesium.

In the present concept we propose another two-step
process. In the first step boron ions are implanted into
magnesium substrate, or vice versa. By using multiple-
energy implantations at appropriate fluencies, one is
able to form a sufficiently thick layer of a stoichiometric
mixture of both components. In the second step the
structure is subjected to a pulsed energy deposition,
which melts the near-surface layer of the structure.
An expected advantage of transient process is that
a plume of substrate material evaporated during the
melting phase of the process can exert a pressure on
the liquid surface, that would be sufficient to prevent
any significant loss of magnesium from the irradiated
Mg-B system. Below we are going to discuss some
aspects of the issues mentioned above.
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lon implantation

The goal of the ion implantation process (B ions into
Mg substrate or vice versa) is to form a layer in which
the B:Mg atomic concentration ratio would correspond
to stoichiometry of the MgB, compound. This layer
should be sufficiently thick and preferably located at
some depth beneath the surface to avoid its contami-
nation, to diminish the sputtering effects [7], as well as
to leave a sacrificial layer for vaporization. To obtain
sufficient layer thickness one can employ multi-step
implantation treatment performed successively at
several different ion fluencies and energies. To bring the
post-implantation B:Mg atomic concentration ratio as
close to the MgB, compound stoichiometry as possible,
superposition of several individual profiles simulated
using the SRIM computer code [14] was optimized.
Sample result of such optimization procedure is shown
in Fig. 1 as the B depth profile produced in a Mg sample
by implanting B* ions successively at 3 different fluency/
energy combinations (1.6 X 10" B* ions/cm” at 80 keV,
5 x 10" B* ions/cm®at 60 keV, and 8 x 10" B* ions/cm’
at40keV). The simulated combined profile was in fairly
good agreement with the one deduced from experimen-
tally taken Rutherford Back Scattering (RBS) spectra
analyzed using the SIMNRA computer code [12]. As
can be seen in Fig. 1, even the lowest energy of 40 keV
is sufficient to bury implanted layer some 200 nm below
the surface. The 200 nm wide stoichiometric region
reaches the depth of about 400 nm. The implanted layer
width falls into the range of MgB, thin films prepared
by some more conventional techniques.

The total necessary boron fluence was almost
3 x 10" ions/cm”. At that high fluencies, one should
verify whether concentration of atoms retained after
implantation is high enough in view of the limitation im-
posed by the sputtering phenomenon. Fortunately, yield
of sputtering of magnesium by boron ions turned out to
be very low. Sputtering does not play any significant role
even at very high fluencies, and the MgB, stoichiometry
requirements may be met. This limitation is less severe
for magnesium implantation into boron, sine the fluen-
cies required in that case are significantly lower.
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Fig. 1. The simulated B depth profiles in Mg obtained by a
superposition of 3 different B* ion fluencies: 1.6 X 10" B/cm?
at 80 keV, 5 x 10" B/cm? at 60 keV and 8 x 10" B/cm? at
40 keV, respectively.

Systematic optimization of the multi-energy/fluence
implantation process is still an open question to be
solved by careful computer modeling.

Transient energy treatment

According to thermodynamical considerations presented
by Liu Zi-Kui et al. [5] it is essential for MgB, stability
that the pressure over the liquid phase is maintained at
a sufficiently high level to prevent excessive transfer of
Mg into the gas phase and transition of MgB, into other
Mg-deficient compounds. For instance, the MgB, phase
is stable up to 600°C at a pressure of 1 mTr, whereas at
a pressure of 1 atm, the stability extends to 1545°C.

In the non-equilibrium regime (which is the case for
every transient energy treatment), if a solid MgB,is to
be formed in a Mg-B system heated to a high tempera-
ture, the system must be quenched from the appropri-
ate pressure-temperature phase diagram “window”.
Generally speaking, the higher the pressure within the
system, the higher the allowed temperature from which
the system may be cooled down.

We modeled thermal effects of energy pulse treat-
ment using the energy transfer in laser irradiated targets
(ETLIT) computer code [15], which assumes surface
absorption of the supplied energy. This assumption
is valid both for plasma pulses containing low-energy
ions, and for laser pulses. Figure 2 presents the results
of such modeling performed for Mg target treated with
Gaussian-shaped pulses of two different durations (100
and 1000 ns) depositing the energy with two different
densities (0.5 and 1.7 J/cm®). Materials parameters were
adopted after [11]. Temperature evolution at 300 nm
depth and melt depth vs. time are shown. The following
conclusions may be drawn:

— Short (100 ns) and low energy density (0.5 J/cm®)
pulses give rise to a shorter melting period and to
a relatively rapid cooling rate.

— Longer (1000 ns) and higher energy density
(1.7 J/em®) pulses result in elongation of the melting
time and slower cooling rate.

Since the slower cooling rate reduces the tendency

for cracking of the solidified layer, whereas the longer

melt duration favors formation of more homogeneous

Mg-B system, the latter situation seems to be more

advantageous.
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Fig. 2. The simulated temperature dependences at 300 nm
and melt depth (MD) vs. time for Mg substrate treated with
pulses of two different durations 100 ns and 1000 ns and two
different energy densities 0.5 J/cm?and 1.7 J/cm?, respectively,
obtained with ETLIT code.
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However, when selecting the process parameters it
is important to keep in mind that higher temperature
of the surface region enhances vaporization of the
substrate material and thus prevents loss of excessive
amount of magnesium.

Obviously, there is some upper limit for pulse energy
imposed by the fact that a too high energy may lead to
ablation (evaporation) of the entire layer.

Laser beams

Pioneering experiments on transient laser treatment
of implanted silicon and other semiconductors date
back to the mid-seventies of the last century. They were
aimed mainly at annealing of implantation-induced
defects and activation of donor and acceptor dopants.
Laser annealing has been demonstrated using a variety
of laser sources and a wide range of pulse durations/
energies. In early period mostly Q-switched ruby
(A = 0.694 pm) and Nd:YAG (A = 1.06 um) lasers with
pulse duration 20-110 ns and energy density between
0.3-2.0J/cm® were used. At present, one observes a strong
trendtouse UV excimer lasers (A from 157to 351 nm, pulse
duration from few nanoseconds to just over 100 ns, typi-
cal energy output from a few up to 1000 mJ) in industrial
applications. For instance, in-line beam excimer laser
annealing (ELA) treatment applied to manufacture low
temperature poly-silicon (LTPS) for mass production
of active matrix liquid crystal displays (AM-LCD) was
performed using Lambda Physik XeCl laser operated
at 300 Hz, 1050 mJ output, and pulse duration of 52.9 ns
extended to 391 ns [13].

Experiments dealing with laser annealing of
superconductors started in the 80 of the last century.
For instance, transformation of an amorphous non-
superconducting Nb-C-N film into superconducting one
(T. of about 12 K) by means of irradiating the system
with a Q-switched Ruby laser at 15 ns pulse variation
and energy density ranging from 0.1 to 10 J/cm® was
demonstrated [2]. However, to our knowledge, experi-
ments in this field are rather sparse.

Practically, any kind of high-power pulsed laser
may be suitable to accomplish the annealing of metal-
lic superconductors since light of any wavelength from
ultraviolet to near infrared is absorbed in a similar way
in metals [1]. However, it seems that lasers of the type
mentioned in the first paragraph of this section [13] are
most suitable for that purpose.

High intensity pulsed plasma beams

In the course of nuclear fusion research several plasma
pulse generators have been developed. Rod plasma
injector (RPI) type of generator [9] is of special interest
in the present context. It is capable to produce pulses
of any working gas plasma with duration in the range
0.1 to 1.0 ps and energy density between 1 and 7 J/cm’.
The ions produced in such pulses have a broad energy
spectrum (from 0 to several tens of keV), depending
on the kind of the working gas. Several experiments
have been conducted on transient melting and doping
various materials. In particular, the formation of p™-n

and n*-p junctions for silicon photovoltaic solar cells
was successfully demonstrated [10]. The working gases
were BF; and PFs, respectively.

RPI machine seems to be well suited also for the
purpose of annealing implanted Mg-B systems under
the cap of magnesium vapor preventing any exces-
sive loss of Mg from MgB, layers. This approach has
been experimentally verified for both versions of ion
implantation (B into Mg and Mg into B). Existence
of superconducting regions in the temperature range
33-33.8 K after ion implantation and plasma pulse
treatment has been demonstrated e.g. [8], although
without percolation.

Considering an optimum choice of plasma pulse
parameters, we may refer to the results of simulation
presented in the introduction. Assuming a typical
plasma pulse duration about 1 ps, the required den-
sity of energy deposited by the pulse would be about
2-3 J/em’. However, it should be pointed out that
the plasma pulse generation technique suffers from
arather poor reproducibility in comparison to the ELA
technique.

Pulsed ion beam

Advantages of mono-energetic pulsed ion beam treat-
ment include capability to adjust ion energy in such
a way that the energy losses are fairly uniform over the
desired thickness, in particular over the thickness of
the implanted region. This feature allows smaller tem-
perature gradients to develop in the treated sample and
potentially may lead to better quality of the produced
layers, e.g. due to reduced tendency to cracking.

Pioneering research on application of pulsed ion
beams to material processing was performed on pulse
annealing of ion-implanted Si [4]. The existing machines
capable of producing the suitable ion beams were
recently reviewed in [16].

By the way of an example, Figure 3 presents the
depth energy loss profile for 350 keV Ar ions implanted
into Mg, as calculated using SUSPRE code (University
of Surrey). In this case ions loose most of their energy
in a near-surface layer of a thickness corresponding
roughly to the thickness of implantation simulated in
Fig. 1. Ar ions beams can be produced in the so-called
magnetically insulated ion diodes (MID) generators with
gas pre-fill (machines of that type have been developed
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Fig. 3. The rate of energy deposition in Mg for Ar ions of
350 keV energy calculated using SUSPRE code.
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at Los Alamos National Laboratory [3]). Such generators
seem to be well suited for the present purpose in view of
their ability to produce beams of any type of noble-gas
ions. Most of MID-type machines produce beams of H
and C ions with energies within the 100-300 keV range,
i.e. much in excess of the implanted layer thickness.

Conclusions

Thin superconducting MgB, films may be produced
using a number of ion implantation/annealing treat-
ments. Further development will have to concentrate on
experimental validation of various possible approaches.
Physical aspects of interaction of beams of various
types with the processed Mg-B structures must be care-
fully considered to choose the optimal technique. Of
great importance is the possibility to control the beam
parameters.
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