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Abstract Compounds containing bismuth, iron and oxygen
(BFO) can result in materials with important magnetic and
electrical properties for high-technology applications. We
plan to prepare such compounds using the simultaneous ab-
lation of bismuth and iron oxide targets. For that reason in
the first part of this work we study the plasmas and the ma-
terials produced by ablation of bismuth or Fe,O3 targets,
and then the two plasmas are combined in order to deposit
the BFO compounds. The individual plasmas were charac-
terized using a Langmuir probe, in order to measure the
mean kinetic ion energy (Ep) and plasma density (Np). Bis-
muth and magnetite-Fe3Oy4 thin films were obtained in high
vacuum (2.7 x 10™* Pa). Meanwhile for the deposition of
«-Fe, O3 (hematite) or amorphous bismuth oxide thin films
a reactive atmosphere (Ar/O, = 80/20) was used. All depo-
sitions were made at room temperature. The bismuth thin
films crystallized in the rhombohedral metallic system with
preferential orientations that depended on the Bi-ion energy
used. Bismuth oxide phases were only obtained after an-
nealing of the Bi thin films at different temperatures. Iron
oxide thin films reproducing the target stoichiometry were
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obtained at a certain value of iron-ion energy. Preliminary
structural results of the BFO thin films obtained by the com-
bination of the individual plasmas are presented.

1 Introduction

Bismuth ferric oxide (BFO) has five different crystalline
phases, which exhibit interesting multiferroic, magneto-
optical and opto-electronic properties, making them very
attractive for various technological applications [1-3]. The
bismuth ferrite (BiFeO3) phase has been specially consid-
ered for magneto-electric applications [4], which has drawn
large attention in recent years becoming a very impor-
tant material. The bismuth iron garnet (BizFesOj;) phase
has important applications in the construction of magneto-
optical telecommunication devices and lasers [2]. On the
other hand, the Bi;Fe4O9 and BiggFe, 07, phases are ther-
modynamically stable, and are usually considered as un-
desired impurities incorporated into the pure BiFeOs or
BizFesO1, phases [5, 6]. The synthesis of these two phases
is complicated, but in different published works [4, 7] pulsed
laser deposition (PLD) has proved to be one of the most ap-
propriate techniques for the deposition of good-quality films
obtained from sintered targets having the appropriate sto-
ichiometry, either BiFeO3 or BizFesO1,. Nevertheless, the
synthesis of such stoichiometric targets is expensive and dif-
ficult [6]. An alternative to overcome this problem is the si-
multaneous ablation of two targets in a reactive atmosphere
containing oxygen, using a technique we named as reactive
crossed beam pulsed laser deposition (RCBPLD). In this
technique the variation of the plasma parameters, produced
by the ablation of one of the targets, allows changing the
composition of the thin films in a controlled manner. This
technique has been evaluated with other types of ternary
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compounds and has been reported elsewhere [8]. The main
aim of the present work is the study of the individual plas-
mas of bismuth and iron oxide created by laser ablation and
their influence on the deposited thin films. Moreover, the
data that can be obtained are important in order to determine
the most suitable experimental conditions for the formation
of the bismuth iron oxide (BFO) using RCBPLD.

2 Experimental details
2.1 Thin-film preparation

For the deposition of the bismuth (Bi) and iron oxide (FO)
thin films discussed in this paper, a standard laser ablation
system (Nd:YAG pulsed laser having emission at the sec-
ond harmonic with A = 532 nm and 5 ns pulse duration)
was used. Bi films were deposited without any gas at a vac-
uum pressure of P =2.7 x 10~4 Pa. On the other hand, for
the FO films, deposition at both vacuum and a reactive at-
mosphere was carried out. For the latter, the vacuum cham-
ber was backfilled with an Ar/O; (80/20) mixture up to the
working pressure fixed at 1.33 Pa. In this case (individual
plasmas of Bi or Fe>;O3) the distance between the substrate
and the target was varied from 5 to 8 cm.

In order to deposit BFO thin films, the Bi and Fe, O3 tar-
gets were placed perpendicularly to each other inside the
vacuum chamber and were ablated simultaneously. The laser
beam was divided into two beams of approximately the same
intensity, and each beam was directed towards one of the tar-
gets. The ablation process took place in similar conditions
as for the FO films (1.33 Pa and Ar/O; 80/20). The sub-
strates were placed in the zone where the expanding plasmas
cross each other. However, two substrate orientations were
tested: lateral and frontal. Lateral experiments correspond to
the substrates facing the iron oxide target and frontal when
the substrates were placed in front of the bismuth target.
In all cases, the films were deposited at room temperature
onto pieces of Si (111) and glass substrates of about 3.0
and 4.0 cm? respectively and placed at 5 cm from the target.

Samples of Bi, FO or BFO were deposited at different
laser fluencies that varied between 2 and 20 J/cm? and the
plasma parameters for each fluence and target were deter-
mined to study their effect on the film properties. In the case
of the BFO films, the laser fluence used for ablation of the
FO target was kept constant while the fluence on the Bi tar-
get was varied.

2.2 Plasma diagnostic
In order to study the influence of the plasma parameters
(mean kinetic ion energy (Ep) and plasma density (Np)), a

Langmuir planar probe (a stainless steel disk 6 mm diam-
eter, 2 mm thick) was placed at the substrate position. In
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all the experiments the probe was biased at —40 V, where
the ion current is saturated, monitoring the current from the
voltage drop across a 15 € resistor. From these measure-
ments, the time of flight (TOF) curves could be obtained
and, from these curves, the mean kinetic ion energy and the
plasma density were calculated. These calculations were ob-
tained from the standard procedure proposed by Bulgakova
et al. [9].

Ablation of the bismuth target in vacuum or at 1.33 Pa
of the gas mixture was performed using experimental con-
ditions that allowed variations of the laser fluence from 3 up
to 15 J/em? (which implied a variation of the laser output
energy from 22 up to 90 mJ), which leads to Bi E, values
in the 40 and 430 eV range and Bi N, from 8 x 10! to
3 x 10'* cm~3. These values were obtained from the TOF
curves shown in Figs. 1(a) and (c). In this figure there are
displayed the TOF curves for some of the regimes used for
depositions of the Bi and Bi»O3 thin films. For the case of
the ablation of the Fe,O3 target in vacuum or at 1.33 Pa
of the gas mixture, there were used experimental condi-
tions that allowed variations of the laser fluence from 2 up
to 20 J/cm? (which implied a variation of the laser output
energy from 23 up to 90 mJ); the plasma parameters var-
ied between 70 and 200 eV of Fe E, and 6 x 102 and
1 x 10" cm™3 for the plasma density. The mean kinetic ion
energy and plasma density were calculated from the TOF
curves. Figures 1(b) and (d) show the TOF curves for some
of the regimes used for deposition of these films. All these
experiments and the results shown in Fig. 1 correspond to a
standard laser ablation with only one target, placed in front
of the substrates at different distances depending on the ex-
periment. For this reason there is no direct correlation be-
tween the applied fluence and the variation of the plasma
parameters. The experimental conditions were varied so that
a sequence of the plasma parameters could be obtained, as
is shown in Fig. 1. A straightforward correlation between
plasma parameters and fluence can be observed in the exper-
iments shown in Fig. 1(d), where all the experimental con-
ditions were kept constant and only the fluence was varied.
In this case a reduction of the fluence yields lower values of
ion energy and plasma density.

The values of the mean kinetic ion energy and plasma
density have a standard deviation of about 10 %, which is
obtained when the TOF curves are averaged.

2.3 Thin-film characterization

X-ray diffraction (XR D) and Raman spectroscopy were
used to study the microstructure of the films. For Raman
measurements a Nd: YAG laser beam (532 nm) was focused
by a 50x microscope objective onto a &1 um diameter spot
on the sample surface. The laser power at the sample was
regulated by a neutral density filter (OD = 1) to prevent
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Fig. 1 TOF curves for thin-film deposition of: (a) bismuth at base
pressure, (b) Fe3O4 at base pressure, (¢) bismuth oxide at 1.33 Pa
(Ar/O,, 80/20), (d) Fe,O3 at 1.33 Pa (Ar/O,, 80/20). The calculated

sample heating and structural changes in the sample. The
composition of the films was determined by energy disper-
sive spectroscopy (EDS).

3 Results
3.1 Bismuth thin films

In this section, the results for the Bi thin films obtained at
base pressure as a function of the ion kinetic energy are pre-
sented. Films were deposited by changing the mean kinetic
Bi-ion energy (Bi Ep), which was done by changing the laser
fluence from 3 up to 15 J/cm?. For each of the experiments
Langmuir probe data were collected before deposition, so
that it was possible to determine the Bi E,, used during de-
position. Figure 2 shows X-ray diffraction data of some of
the thin films deposited at different Bi E},. From this fig-
ure it can be concluded that the preferential orientation of
the films can be modified when the Bi E), is varied. In this
case, deposits made with Bi E, lower than 228 eV produced
rhombohedral Bi films with preferential growth in the di-
rection Bi (003). As E}, increases, the intensity of the peak
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values of the mean kinetic ion energy and the plasma density are indi-
cated in each of the figures

corresponding to the plane Bi (0 1 2) increases, too, as seen
in the XRD patterns for the deposit at 291 eV (Fig. 2). For
those deposits performed at 350 eV the most intense peak is
the Bi (012).

3.2 Fe30y4 thin films

Ablation of a hematite («-Fe,O3) target at base pressure led
to the formation of magnetite-Fe3O4 thin films. Ablation
was carried out using laser fluencies between 3 and 6 J/em?,
or in terms of the ion energy (Fe in this case) between 70 and
200 eV. XRD data analysis showed that the films deposited
under these conditions diffracted only the peaks correspond-
ing to the planes (3 2 0) and (4 0 0), and no clear dependence
on the ion energy was detected. Raman spectroscopy was
used to confirm the XRD results and it was found that the
films are homogeneous. It is clear that the magnetite-Fe3O4
phase has lower oxygen content than hematite Fe,O3. The
oxygen deficit is evident due to the fact that these experi-
ments were made at base pressure. As will be shown be-
low, the oxygen pressure in the chamber is a very important
factor for obtaining either of these two phases mentioned
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above. This fact has been observed by other authors as well
[10, 11].

3.3 Bismuth oxide thin films

Attempts to deposit crystalline bismuth oxide thin films at
room temperature with a reactive atmosphere (80/20 Ar/O)
inside the reaction chamber failed; the produced material
was always amorphous, no matter what experimental con-
ditions were used. There are different works in which there
is reported the deposition of Bi» O3 in different phases; nev-
ertheless, in those cases it was necessary to heat the sample
or to use a sintered target with the appropriate stoichiometry
previously formed [12, 13]. So, in order to obtain bismuth
oxide thin films we used the bismuth thin films deposited
as explained in Sect. 3.1 and made an annealing of those
samples in air at different temperatures for two hours. The
treatments were performed at 100, 200, 300, ..., 700 °C.
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Figure 3 shows the Raman spectra of BioO3 films obtained
after annealing under different temperatures. The § and y
phases were obtained at temperatures of 200 and 700 °C,
respectively, while o phase was observed for the annealed
samples at 300, 400 and 500 °C.

3.4 a-Fe,O3 thin films

Hematite («-Fe,O3) thin films were obtained by ablation of
a hematite target in a reactive atmosphere containing oxy-
gen (Ar/O; (80/20) at 1.33 Pa), in order to compensate for
oxygen losses. Experiments were carried out at fluencies
between 5 and 20 J/cm?, so that the mean kinetic ion en-
ergy (Ep) of the most abundant species (Fe in this case) in
the plasma took values between 80 and 190 eV. Deposition
of films was done at room temperature. The XRD data re-
vealed that as for the case of Bi thin films, the a-Fe, O3 thin
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films crystallized in the rhombohedral system with preferen-
tial orientations that depended on the mean kinetic ion en-
ergy used. Ion energies lower than 92 eV tended to form
films with (1 1 0) orientation and high energies greater than
137 eV formed films with (104) preferential orientation.
Figure 4 shows the Raman spectra of the deposited «-Fe, O3
thin films (similar to those obtained in [10]) as a function of
the average kinetic energy of the ions used for deposition.
From this figure it can be seen that the deposit made with
E, equal to 92 eV has the most similar Raman spectrum to
that of the target.

3.5 Plasma combination

Information obtained in previous deposits was used to com-
bine bismuth and iron oxide plasmas using the RCBPLD
arrangement (see Sect. 2.1). In this experiment the laser flu-
ence on the FO target was kept constant, whether for the lat-
eral or for the frontal deposition. The fluence on the Bi target
was varied so that the properties of the deposited material
were reported as a function of the Bi plasma parameters (E,
or Np). A set of experiments was carried out in the lateral
arrangement, varying the fluence from 4 to 34 J/cm?, which
meant that the Bi E}, could be varied between 40 and 150 eV
and the plasma density between 8 x 10'! and 3 x 10'? cm 3.
In this case, small quantities of Bi could be incorporated in
the films. EDS measurements showed that the Bi content in
the films increased when both the ion energy and the plasma
density were increased and varied from 2 up to 5 at%.
Another set of experiments was carried out in the frontal
arrangement. In this case, the laser fluence on the Bi target
was varied from 1 to 15 J/cm?. With these values of flu-
ence the measured plasma parameters were in the ranges:
from 50 to 210 eV for the Bi E}, and from 6 x 102 to
7.2 x 1013 cm™ for the Bi Np. It can be seen that using

Raman shift (cm'1)

lower fluencies, it is possible to get higher values of plasma
density than in the lateral arrangement. In this case, the Bi
content in the films also increased with both the energy and
the density of the plasma, varying from 13 to 21 at%. It is
also worth noting that in all cases the atomic oxygen concen-
tration remained very close to the 60 at% value and only the
bismuth and iron contents varied. This is a typical situation
for the different BFO compounds (e.g. BiFeO3, BizFe501,,
BiyFe4O9, BisFeyO9) where the oxygen content remains at
a value of 60 at%.

According to Raman spectroscopy and X-ray data, all
films deposited either for the frontal or the lateral configu-
ration turned out to be amorphous. It is worth noting that all
samples were deposited at room temperature, and the max-
imum Bi-ion energy used in these experiments was 210 eV.
Under these experimental conditions it is not possible to get
a crystalline deposit; the ions need more mobility on the sub-
strate surface, which could be achieved through an increase
of the energy or by heating the sample. In the first case, an
increase of the ion energy is possible but this will lead to
an experiment which is difficult to control, as the damage
on the Bi target will be very high and the plasma parame-
ters will be changing all the time. On the other hand, there
are many reports (see for instance [5, 14]) where the sub-
strate is heated to very high temperatures in order to obtain
crystalline films. The use of high temperatures is due to the
fact that they usually use very low fluencies, which means
very low ion energies. We plan for future work to heat the
substrate, combining this with moderately high ion energies,
and with this we expect to get crystalline deposits.

Therefore, each of the deposited samples was annealed at
600 °C in air for two hours and slowly cooled to room tem-
perature. The annealed films deposited laterally, i.e. films
with a low bismuth content, continued to be amorphous.
However, films with a higher content of bismuth (those de-
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Fig. 5 XRD patterns of
annealed Bi iron oxide thin films
with their respective plasma
density and fluence values

Intensity (a.u.)

20

posited in frontal configuration) crystallized in a rhombohe-
dral perovskite structure, which is typical of BiFeOs phase,
independently of the initial Bi content.

Figure 5 shows the XRD diffraction patterns of the thin
films deposited in the frontal arrangement after annealing.
The obtained diffraction patterns compare well with those
reported for the case of BiFeO3 obtained from ablation of
a sintered target [4, 15]. Those films with Bi content be-
tween 20 and 21 at% were deposited with fluencies of 11
and 15 J/cm? respectively and they exhibit reflections corre-
sponding to the BiFeO3 and BizsFeOq4 phases. Films with
13 and 15 at% Bi content were deposited using fluencies
of 1 and 4 J/cm?, and in this case reflections corresponding
only to the BiFeO3; phase were observed. The mixture of
phases observed in samples deposited at higher fluencies is
attributed to the presence of droplets (splashing) on the film
surface. This splashing is reduced when the fluencies are re-
duced and only one phase is detected. This fact was con-
firmed using micro-Raman spectroscopy measuring in the
area of the film and on the drops of splashing. The film area
has a spectrum corresponding to the BiFeO3 phase, while
on the bigger drops the other phase is detected. The Raman
spectra obtained from samples prepared in this work have
the same shape as those reported for samples obtained from
ablation of a sintered target [16].

4 Conclusions

The role played by the plasma parameters in the struc-
tural and compositional properties of deposited materials
has been shown. Crystalline Bi thin films with different pref-
erential orientations were obtained using different plasma
ion energies. The structure and composition of the iron oxide
films was varied using plasmas with different ion energies
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and densities. The composition of bismuth iron oxide thin
films was changed using Bi plasmas with different densities;
the higher the Bi plasma density, the higher the Bi content in
the thin films. There exists a minimum value of Bi content in
the films, in order to obtain the crystalline phase, via a post-
deposition annealing. The ion energy can play an important
role in defining the structure of the films; however, in our
case, deposition at room temperature requires much higher
energies, which makes the experiment quite difficult. The
quality of the films was evaluated only by means of struc-
tural and compositional characterization, obtaining results
comparable to those previously reported. Magneto-electrical
properties of this material are currently being evaluated and
will be the subject of a future publication. The RCBPLD
configuration eliminates the need for targets with different
compositions in order to deposit this type of material with
different compositions. The Langmuir probe measurements
are useful to control the experiments and give additional in-
formation that can be helpful to explain some of the results.
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