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Abstract

Films fabricated by sputter deposit are extensively used in the semiconductor, optical and optoe-
lectronic industries. However, studies to-date have focused only on analyzing the BFO films fabri-
cated by sputter deposition. This paper’s research seeks to fill the gap in understanding the sput-
ter effect on the target in order to fully understand the whole process of fabricating films by sput-
ter deposition. In this study, 3 keV argon ions were continuously sputtered onto a target of multi-
ferroic bismuth ferrite, BiFeO3, (BFO) with 5 mol% BaTiO3, in increasing time intervals. X-ray
Photoelectron Spectroscopy (XPS) was applied to examine the sputtered surface after each sputter
time interval. This paper makes the following findings. First, the surface-contaminant carbon was
almost completely removed after 5120 seconds of sputtering. Second, the study observed two-
component oxygen spectra remained after sputtering. Other than the chemi- and physic-sorbed
oxygen, these two oxygen components perhaps resulted from the short and long O-Fe bonds due to
the displacement of the Fe3* ions. Third, sputtering resulted in a change of the oxidation states of
bismuth from dominant Bi3+state to equally weighted Bi3* state and metallic Bi’ state. The changes
of the bismuth’s oxidation states, i.e., a non-stoichiometric BFO target might alter the film compo-
sitions deposited onto the substrate. This paper shows by introducing low pressure oxygen during
the sputtering, the metallic Bi° on the target can be re-oxidized.

Keywords

Surface Modification by Argon Sputtering, Multiferroic BiFeO3; Ceramic, XPS

1. Introduction

Films fabricated by sputtering deposition are extensively used in the semiconductor, optical and optoelectronic
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industries. Many methods of sputtering deposition are available, such as RF magnetron sputtering [1], ion beam
sputtering [2], ion-assisted deposition [3], reactive sputtering [4], high-power impulse magnetron sputtering [5]
[6], and gas flow sputtering [7]. Since sputtering shoots ions onto target materials before the species are depo-
sited onto substrates, sputtering’s effect on target materials requires a detailed investigation in order to fabricate
films most successfully.

Multiferroic materials [8] [9] have attracted a great deal of attention due to their unique properties and poten-
tial for multifunctional device applications [10]-[12]. Bismuth ferrite, BiFeO3; (BFO), is one of the most promis-
ing multiferroic materials due to its high ferroelectric Curie point (T¢ ~ 1103 K) and antiferromagnetic Neel
point (Ty ~ 643 K) [13]. Consequently, they are candidates for transducers, mechanical actuators, micro-electro-
mechanical systems (MEMS), infrared sensors, and data storage applications. To enhance its ferroelectric and
ferromagnetic properties, many studies have focused on BFO with various ion substitutions in the A or B sites of
the perovskite structure [14], such as BiFeOs-BaTiO3 ceramics [15]. Therefore, this study used the BFO ceramic
bulk with 5 mol % BaTiO; as the sputtering target to investigate the sputtering effect on the BFO surfaces.

2. Experiments

First, antiferromagnetic BiFeO; ceramics were prepared from a mixture of Bi,O3 and Fe,O; powders (purity >
99.0%). The powders were mixed with the molar ratio of 1.1 to 1 to compensate for the loss of Bi during the
sintering process. After the mixture of Bi,O; and Fe,0O3;, 5 mol% BaTiO; powders were added in order to en-
hance the sample’s ferroelectric property. The mixed powders were then dried and calcined at 800°C for 3 hours.
High-energy ball-milling was next used to reduce powder sizes before the powders were mixed with polyvinyl
acetate as a binder for granulation. The powder mixture was pressed into a 1.0 cm-diameter disk which was later
sintered at 960°C for 3 hours. Any polyvinyl acetate in the disk was evaporated after the sintering.

BFO sample was continuously sputtered by 3 keV argon ions. A X-ray Photoelectron Spectroscopy (XPS)
was then applied to examine the sputtered surface and the chemical bonding environment of the elements after
each sputter time interval such that a detailed sputtering effect on the stoichiometry of the target could be moni-
tored.

The surface of the ceramic disk was contaminated by carbon as the sample was prepared in air. In order to
make sure there was no surface contaminant carbon in the BFO film, a pre-sputtering is needed before the depo-
sition. After each sputtering of the BFO target by the 3 keV argon ions at 5, 10, 20, 40, 80, 160, 320, 640, 1280,
2560, and 5120 s intervals, the XPS was applied to examine the sample surface. This study used the Per-
kin-Elmer 550 surface characterization system equipped with the argon sputter gun, XPS, Auger electron spec-
troscopy and secondary ion mass spectroscopy. All the XPS spectra were taken at room temperature (ca. 20°C).
Spectra of the core level photoelectrons of Bi 4f, Fe 2p, O 1s, C 1s, Ba 3d and Ti 2p were collected and investi-
gated. The emission of photoelectrons was induced by Al Ka line with 1486.7 eV at 0.83386 nm. The X-rays
were generated by 14 keV electrons impacting the aluminum at the power level of 225 W. The pass energy of
the double-pass cylindrical analyzer was 25 eV which provided a 0.5 eV resolution. The uncertainty was +0.5%
in relative atomic concentration, and £0.07 eV in binding energy (BE). The uncertainties were obtained by
measuring the variation in Si 2p signals ten times from a high-purity fused silica sample under the same experi-
mental conditions. Information from the XPS spectra can be obtained by use of a curve-fitting program, in
which the peak position is the binding energy and the integrated area of the peak is related to the concentration
of the element. By taking into account atomic sensitivity factors (ASF) of the elements and the integrated areas
of the elements, the relative atomic concentrations of the surface elements could then be calculated. Two kinds
of ASF of the element were provided, one with the spin-orbit splitting and the other without it. For the element
with the spin-orbit splitting provided in ASF such as Bi 4f;, only the peak area of Bi 4f;, photoelectrons in all
oxidation states is used to calculate the Bi concentration. However, for the element without the spin-orbit split-
ting provided in ASF such as Fe 2p both peak areas of 2p photoelectrons including the two sub-levels Fe 2py;,
and Fe 2p3, have to be sum up in order to obtain the concentration.

The BE’s of core-level photoelectrons were calibrated according to convention by assuming that the binding
energy of the adventitious surface C 1s photoelectron is 284.6 eV [16]. After long time period of sputtering little
C 1s could be seen, so the O 1s signal in long O-Fe bonds was used to calibrate the binding energy. The fitting
program, an AugerScan software purchased from RBD Instruments, was used to decompose the Bi 4f and O 1s
XPS spectra such that the BEs of the components in Bi 4f and O 1s spectra were obtained. These BEs were then
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used to deduce the oxidation states of bismuth and various oxygen species, i.e., the chemical-bonding environ-
ment of the bismuth and oxygen on the surface. The pressure of the ultra-high vacuum chamber was kept at 1.0
x 1078 Torr during the sputtering.

Two kinds of XPS spectra were taken after each sputtering. The survey spectra were wide-range scans to
monitor the binding energies (BEs) of photoelectrons from 1100 to 0 eV. The multiplex ones were narrow range
scans taken at more specific BE ranges to more closely observed the major core-level photoelectrons from the
main elements on the sample surface, such as Bi 4f, Fe 2p, O 1s, C 1s, Ba 3d and Ti 2p.

3. Results and Discussion

Figure 1 shows the survey spectra before and after 160, 640, and 5120 s of sputtering. Each spectrum after
sputtering was shifted vertically for better presentation. Since the spectrum after each sputtering was shifted ver-
tically, the background signals at the BE of 1100 eV of all the spectra could be seen with the same intensity. The
vertical axis shows the intensity of the count of photoelectrons at each binding energy during the XPS measure-
ments, while the horizontal axis represents the binding energy of the photoelectron. The background spectrum
without peaks originated from the photoelectrons via inelastic scattering. The study detected all the main ele-
ments in the sample, which included Bi, Fe, O, Ba, Ti and C, because peaks at different BEs in the spectrum re-
sulted from the core-level photoelectrons without Kinetic energy loss before being collected by the energy ana-
lyzer. The signal of the surface-contaminant carbon, C 1s, is located at 284.6 eV, which clearly decreased after
the sputtering and was completely removed from the surface after 5120 s of sputtering. Several Auger signals
were also detected, such as O (KLL), Ba (MNN), and Fe (LMM). The Auger Fe (LMM) signal included three
Auger Fe signals, L3M»Mys (at 655.2 eV), LsMysV (at 606.1 eV), and LgVV (at 551.0 eV) [17].

The peak heights of Fe 2p, O 1s, and Ba 3d signals increased, but the Bi 4f signal increased, then decreased,
and then leveled off as the sputter time increased in Figure 1. This surface segregation of Bi has been observed
and reported by other studies, for example, in the (Bi»O3)q75(Er>O3)o25 ceramic, titania films, and bismuth-
iron-garnet films [18]-[20]. In order to reconfirm this trend and understand how the surface composition/bond-
ing environment changed as a function of sputter time, the multiplex spectra of C 1s (from 290 to 280 eV), Bi
4f;, and 4f;;, (from 170 to 153 eV), Fe 2py» and 2psp, (from to 736.2 to 700 eV), O 1s (from 535 to 525 eV), Ti
2ps; (from 470 to 450 eV), and Ba 3d3, and 3ds, (from 803 to 775 eV) were collected. Since the relative con-
centrations of Ti 2pa,, Ba 3ds, and 3ds, on the surface were low and there were no changes in their peak posi-
tions and line-shapes after each sputtering, the multiplex spectra of Ti 2ps),, and Ba 3d were not shown here. The
detailed multiplex spectra of C 1s, Fe 2p, and Fe 2psp, O 1s, and Bi 4fs,, and 4f;,, before and after 160 s, 640 s,
and 5120 s sputtering were shown in Figures 2-5, respectively. Again, in order to see the changes of spectra
clearly, each spectrum after sputtering was shifted vertically.

Figure 2 shows that after 5120 s of argon-ion sputtering, the surface contaminant carbon removed. As the
sputtering time intervals increased, there were no changes in the peak positions and line-shapes, but the peak
height reduced considerably. This decrease in the carbon caused by sputtering indicates that it is necessary to
pre-sputter the BFO target in order to achieve the carbon-free BFO films on the substrate.

Figure 3 shows that the line-shapes and the peak positions of the Fe 2py,, and 2p3, spectra remained the same
after the sputtering, but the intensity increased as the sputtering increased. According to Schedel-Niedrig et al.
[21], the binding energy of Fe 2ps, located at 711.0 eV are photoelectrons from Fe** ions and 709.0 eV from
Fe?* jons. However, in Figure 3, this study found that the oxidation state of Fe on BFO surface before and after
sputtering is 3+.

Figure 4 shows the curve-fitting that is necessary to explain how the O 1s signals exactly varied when the
sputtering time interval increased. However, both the peak positions and the line-shapes depended on how long
the sample was sputtered. There were O 1s photoelectrons detected at the higher BE ranges as seen in before and
after the 160 s spectra. An extra component in the signal at lower BE was also observed before the sputtering.

Figure 5 shows that after sputtering, the line-shapes of the Bi 4fs;, and 4f;, spectra changed and broadened in
which double peaks were developed. The broadening of the Bi signal after the sputtering clearly indicates
changes in the chemical bonding environment.

Figure 6 shows the relative atomic concentrations of the surface elements as functions of the sputtering time,
and thus it provides a broad picture of how the sputtering affected the surface compositions. More accurate rela-
tive atomic concentrations of all the elements were calculated by use of the peak area of each signal from spe-
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Figure 1. The survey scans of the XPS spectra of BFO before and after 160 s,
640 s, and 5120 s argon sputtering.
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Figure 2. The C 1s XPS signals before and after 160, 640, 2560 and 5120 s

argon sputtering. Carbon was almost completely removed after 5120 s spu-
ttering.

cific photoelectrons determined by curve fitting, plus the atomic sensitivity factors of all the elements, ASF of C
1s = 0.205, ASF of Bi 4f;, = 2.8, ASF of Fe 2p = 3.8, ASF of O 1s = 0.63, ASF of Ba 3ds,= 6.1, ASF of Ti
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Figure 3. The Fe 2p XPS signals before and after 160, 640, and
5120 s argon sputtering. No BE shifts and changes in the line
shapes after sputtering.
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Figure 4. The O 1s XPS signals before and after 160, 640, and
5120 s argon sputtering. Shifts in peak position and changes in
line shapes were observed after sputtering.

2ps;; = 1.1 [17]. After carbon was almost completely removed, the relative concentrations of oxygen and all the
metals, Bi, Fe, Ba, and Ti, reached saturation levels.

Because only O 1s and Bi 4f experienced line-shape changes after sputtering, analyzing these elements’ mul-
tiplex spectra will show how sputtering modifies the chemical environment or oxidation states. Four spectra of
the O 1s and four spectra of Bi 4f were selected for investigation; they were before and after 160, 640 and 5120
s of sputtering.

First this section will discuss the changes in line shapes of the O 1s. The curve-fitting results of O 1s spectra
are shown in Figures 7(a)-(d), respectively. The fitting parameters of Ols are listed in Table 1. Four oxygen
components located at 533.37, 531.36, 529.61, and 528.32 eV were found. The highest binding energy compo-
nent (HBEC) located at 533.37 eV can be attributed to the oxygen bonded to carbon, C-OH, C-O-C, or the ad-
sorbed oxygen linked to carbon on the surface of the film [22]-[24]. The lowest BE component (LBEC) of oxy-
gen species at 528.32 eV was physi-sorbed surface oxygen. The BE position is similar to that reported by Bar-
teau and Madix’s study for atomic oxygen (O°) adsorbed onto metallic silver and copper surfaces (528.3 eV)
[25].

Figure 3 further shows that both surface-adsorbed species were sputtered off quickly; LBEC was removed
after 160 s and HBEC after 640 s when the C 1s signal was significantly reduced too. That sputtering quickly
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Figure 5. The Bi 4f XPS signals before and after 160, 640, and
5120 s argon sputtering. Signal at low BE range in the double
peaks grow as sputtering time intervals increase.
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Figure 6. The relative atomic concentrations of Bi, Fe, O, Ba, Ti, and C as functions of spu-
ttering intervals. All the elements reach the saturation levels after 1280 s sputtering.

Table 1. O 1s spectrum fitting parameters.

Component BE (eV) FWHM (eV) Assignment
1 533.37 £ 0.05 251+0.12 Surface oxygen bonded to carbon
2 531.36 + 0.05 3.12+0.07 Oxygen in short O-Fe bonds
3 529.61 +0.19 2.54+0.20 Oxygen in long O-Fe bonds
4 528.32 2.48 Physi-sorbed oxygen
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Figure 7. The decomposition of the O 1s signal by curve fitting before (a); after 160 s (b); after 640 s (c);
and after 5120 s (d) sputtering. The physi-sorbed oxygen was removed first after 160 s sputtering, the
chemi-sorbed oxygen bonded to carbon was removed after 640 s sputtering, two remained components are
oxygen in short O-Fe and long O-Fe bonds, respectively.
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eliminated the surface-adsorbed species indicates they are physi-sorbed oxygen species and oxygen bonded to
surface-contaminant carbon. Only two oxygen components remained after 640 s of sputtering.

By using the charge transfer concept, Mandal et al. found that the BEs of O 1s from three different samples,
Bi,03, BFO, and Fe,O3 in an increasing order [26]. The well-known BE position of the O 1s in Fe,O3 is 530.1
eV [27] [28]. However, in this study, only two components of O 1s in BFO were observed near 530.1 eV. Since
the ferroelectric property of the BFO was caused by the distortion of Fe-O bond in the unit cell, two kinds of
O-Fe bonds were created. One was a long O-Fe bond and the other was a short bond. These two different bond
lengths of O-Fe bonds have been confirmed by other high-resolution neutron diffraction studies [29] [30]. It is
harder to emit the O 1s photoelectron from the tightly bonded O-Fe than it is to emit loosely bonded O-Fe, so O
1s photoelectrons from short O-Fe bonds have low kinetic energy, and hence a higher BE at 531.36 eV. Simi-
larly, the lower BE O 1s component at 529.61 eV originates from oxygen in long O-Fe bonds.

Other studies have also found two components of O 1s spectra with alternative explanations. Simon et al.
used bismuth germinate glasses, and they explained that the higher BE O1s component was due to the bridging
oxygen and the lower BE O1s was caused by non-bridging oxygen [31]. Wang et al. studied BFO ceramic, and
they attributed the higher BE component to oxygen in the BFO phase and the lower BE O 1s to the oxygen in
the BFO impurity phase, BizsFe;Os; [32]. Wang et al. claimed the impurity phase contained Fe?* ions and oxy-
gen deficient species.

In this work, there were no apparent BE shifts at 710.75 eV and line-shape changes in the Fe 2p spectra as
shown in Figure 3. This indicates that the Fe** ions were the dominant species on the BFO surfaces before and
after sputtering. The significant influence of the displacement of Fe** ions on the BE of O 1s was obvious due to
the higher Fe** concentration and lower Bi** concentration. Therefore, even though previous studies observed
defects in the BFO, the displacement of Fe** ions played the dominant role in creating two O 1s components.

In addition to two O 1s components, increased sputtering also resulted in the broadening of the Bi 4f signals
at lower BE range. This indicates the growth of the lower BE component of Bi 4f signals. Judging from the BE
positions of Bi, 157.3 eV for Bi® 4f,;, [33], 159.2 eV for Bi** 4f;, [34], and 5.39 eV BE differences between the
5/2 and 7/2 photoelectrons due to spin-orbit split, two oxidation states of bismuth, Bi* and Bi**, were applied to
fit the spectra. The fitting parameters of Bi 4fs, and 4f;, are listed in Table 2. That the full-width-at-half maxi-
mum (FWHM) in each Bi 4f component in Table 2 was much broader than that of pure Bi metal (~1.30 eV) in
reference 15 indicates the complex bonding in BFO ceramics. The increase in the metallic Bi, i.e., Bi° by the
sputtering is clearly seen from (a) to (d) in Figure 8. The percentage of the metallic Bi out of the total Bi as a
function of the sputtering interval is listed Table 3. Table 3 shows that the metallization of Bi induced by the
sputtering increased as the sputter time interval increased. Hence fewer Bi** ions could interact with oxygen. In
other words, approximately half of the total Bi was metallized by the sputtering such that the influence of the
Bi*" ions on the O 1s BE was no longer dominant compared to Fe** ions. Moreover, there were no apparent de-
creases of the O1s components located at 531.36 and 529.61 eV. This further supports the study’s explanation of
the two components as attributable to short O-Fe and long O-Fe bonds. This evidence is consistent with the fer-
roelectric feature of BFO, whose spontaneous polarization is associated with the displacement of Fe®" ions.
These magnetic and electrical characteristics of the sample have been confirmed by previous studies [35].

Table 2. Bi 4f 7/2 and 5/2 spectrum fitting parameters.

Component BE (eV) FWHM (eV) Assignment
1 159.29 £0.12 2.72£0.09 Bi** 417/2
2 164.53 £0.10 2.74+0.10 Bi** 415/2
3 157.37 £0.32 2.68 +0.07 Bi°® 4f7/2
4 162.66 +0.31 2.59 +0.07 Bi°® 4f5/2

Table 3. The percentage of Bi° in the total Bi signal as a function of sputtering interval.

Surface condition Percentage of Bi® in the total Bi signal
Before sputtering 33.0%

After 160 s sputtering 42.1%

After 640 s sputtering 45.2%

After 5120 s sputtering 46.5%
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Figure 8. The decomposition of the Bi 4f signal by curve fitting before (a); after 160 s (b); after 640 s (c);
and after 5120 s (d) sputtering. The metallic Bi component, Bi°, induced by sputtering grows as the
sputtering increasing.
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Figure 9. The Bi 4f XPS signals after various treatments: after 5120 s
sputtering (a); then exposed to air for 24 hours (b); and then further sputtered
for 600 s (c). It is clearly seen the re-oxidization of metallic Bi in air.

Further evidence supports the assignment of the Bi® and Bi** components in Bi 4f spectra in Figure 8 was
obtained by exposure of the 5120 s sputtered sample to air for 24 hours at room temperature as shown in
Figure 9(a) and Figure 9(b). It is clear that the re-oxidization of the metallic Bi occurred, since the Bi" species
disappeared after the exposure to air. This also indicates that the non-stoichiometric BFO films (containing the
metallic Bi) prepared by the ion beam sputtering method can be eliminated by using the oxygen ambient during
the sputtering deposition. Moreover, the conversion from Bi** ion to metallic Bi® in the BFO after further 600 s
sputtering on the sample previously exposed in air shown in Figure 9(c) demonstrates again the metallization of
Bi under argon sputtering.

4. Conclusion

This study identified two oxygen chemical states, a higher BE component at 531.36 eV due to the oxygen in
O-Fe short bonds and a lower BE component at 529.61 eV due to the oxygen in O-Fe long bonds, both resulting
from the displacement of Fe** ions. The displacement of Fe** ions is direct evidence of the ferroelectric proper-
ties in BFO. Other than oxygen in O-Fe bonds, this study also observed the highest BE component at 533.37 eV
caused by chemi-sorbed oxygen bonded to carbon and the lowest BE component at 528.32 eV due to phy-
si-sorbed oxygen. Both physic- and chemi-sorbed species were sputtered off quickly. Sputtering induced metal-
lization of Bi on the surface of ceramic BFO target by 3.0 keV argon ions was observed. This effect on the BFO
target may affect the non-stoichiometric composition of the BFO films deposited by ion beam sputtering tech-
nique. The solution to solving this problem is not only to use the argon beam to sputter the BFO target but also
to prevent the formation of the sputtering-induced metallic Bi® species on the target surface by introducing the
oxygen in the deposition chamber. However, further investigation is necessary to conclusively determine the
ideal suitable oxygen partial pressure to be used in the sputtering deposition processes to re-oxidize the metallic
Bi.
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