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ABSTRACT

Tin-bismuth alloy ribbons were produced using melt-spinning technique. The two main surfaces (in contact with the
rotating wheel and exposed to the air) were characterized with Optical Microscopy and AFM, revealing that the surface
exposed to the air is duller (due to a long-range heterogeneity) than the opposite surface. Also the XPS chemical
composition revealed many differences between them both on the corrosion extension and on the total relative amounts of
tin and bismuth. For instance, for the specific case of an alloy with a composition Bi-4 wt % Sn, the XPS atomic ratios
Sn/Bi are 1.1 and 3.7 for the surface in contact with the rotating wheel and for the one exposed to air, respectively,
showing, additionally, that a large segregation of tin at the surface exists (nominal ratio should be 0.073). This segregation
was interpreted as the result of the electrochemical process yielding the corrosion products.
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1. INTRODUCTION

Metallic ribbons have many applications namely in stretchable electronics and sensing where their surfaces may
play an important role because they will bind to other systems (bio-molecules in bio-sensors, as an example) and their
surface properties (surface plasmon resonance, for instance) are important.

The rapidly solidified ribbons produced using the melt-spinning technique exhibit unusual properties due to their
structure evolution. It has been established that rapid solidification can produce high strength structural materials for use in
tools and bearing components, high temperature materials, corrosion-resistant materials, catalytic and storage materials
and, finally, electrical and magnetic materials [1]. These properties actually depend on the structural changes produced in
each particular case. For example, high mechanical strength is attainable in microcrystalline materials as a result of
refined microstructure combined with increased alloying [2]. Rapid solidification can produce metastable (non-equilibrium)
crystalline phases [3-5] and amorphous (non-crystalline) phases [3, 6, 7]. In addition, the structure of pure metals or alloys
rapidly solidified from the melt is always unusual in some respect, even if the phases present have the same crystal
structure as in the equilibrium pure metals or alloys. Recently, it was found that rapid solidification can produce
semiconductors directly in some alloy systems [8-10].

Pure bismuth is known to be a semi-metal [11] being a very poor conductor since it has a small overlap between its
filled and empty zones. This is the reason why its resistance decreases when melted, contrarily to the usual behavior in
metals: the zone structure is partly destroyed when the lattice breaks up and induces some overlap between the filled and
empty zones. However, it was shown [12] that the transition to semiconductor occurs, by quantum confinement, for linear
dimensions of the order of ~30 nm. The doping with other elements, as tin, for instance, may decrease the electrical
resistivity of bismuth [13]. Therefore, using rapid solidification and small additions of tin, the band structure of Bi may be
changed; consequently its electrical conductivity may be increased. Moreover, melt-spun Bi/Sn alloys displayed the
formation of intermetallic phase SnBi, which was not usually obtained under equilibrium conditions [14]. Among important
applications of Bi-Sn alloys are the use as lead free solder [15] and as an electrode for Cd** detection [16].

Bi-Sn alloys rapidly solidified were studied by M. Kamal et al. [14] and it was found that these alloys exhibit zero and
negative temperature coefficient of resistivity. It was also found that the resistivity of the ribbons of pure Bi changes with
time at room temperature in a period of three days after preparation. It was shown that the oxide layers developed at the
surfaces of rapidly solidified ribbons make a definite impact on the properties of the ribbons [17, 18].

X-ray photoelectron spectroscopy (XPS) is a very robust spectroscopy for qualitative (oxidation states, for instance)
and quantitative characterization of elements at surfaces on the nanometer depth range [19-22]. It is, therefore, a very
appropriate tool to study the native oxide layers in metallic materials. Additionally, through the charge accumulation on
surface induced by photoelectron ejection, information about local surface conductivity, though qualitative in nature, may
be obtained.

The development of an oxide layer during or after the preparation can affect the properties of rapidly solidified
ribbons. Therefore, the aim of the present work is to characterize both morphologically and chemically the two surfaces
(the surface next to the rotating wheel and the surface exposed to the air) of the Bi-4 wt.% Sn ribbons rapidly solidified by
melt spinning technique. Optical microscopy and AFM were used for imaging the surfaces and XPS to determine their
chemical state and composition.

2. EXPERIMENTAL PROCEDURE

The materials used in the present work were Sn and Bi fragments with a starting purity better than 99.99%. Ribbons
were produced by the melt-spinning technique using a single copper roller (200 mm in diameter) LZS, 24]. The angular
velocity of the wheel was fixed at 2900 r.p.m. which corresponds to a linear speed of about 30.4 m-s™". Required quantities
of the used metals were weighted out for each charge and melted in a porcelain crucible. After the alloy was molten, the
melt was thoroughly agitated using a graphite rod to promote the homogenization. The casting was done in air, the molten
temperature was 773 K and the substrate was at room temperature. The specific composition Bi-4 wt.% Sn
(corresponding to an atomic ratio Sn/Bi = (4/118.7)/(96/209) = 6.8/93.2 = 7.3 at%) was studied using all the
characterization techniques. This particular composition was chosen to allow for a good signal to noise for the XPS Sn 3d
region.

Multimode Scanning Probe Microscope set-up, driven by the Nanoscope Illa electronics from Digital Instruments,
was used to obtain AFM images in the intermittent contact mode at room conditions. AFM image profiles, roughness
(RMS) and nano-object dimensions were obtained using the software WSxM (freeware) [25]. The optical microscope used
to image the surfaces in the sub-millimeter scale was the one coupled to the AFM equipment.

For X-ray photoelectron spectroscopy measurements, a Kratos XSAM800 model was used. It was equipped with
double anode, and operated in FAT mode, with a pass energy of 20 eV and a power of 120 W. The Al K, non-
monochromatic X-radiation (principal emission at 1486.6 eV) was used. Samples were mounted on the sample holder
using double-side tape and were analyzed at room temperature, in UHV (P~10_7 Pa) and TOA set to 0°. Spectra were
collected with a step of 0.1 eV, using a Kratos Vision software (version 2.2.9). X-ray source satellites and a Shirley
background were subtracted. XPS Peak 4.1 [26] was used to fit each detailed region with pseudo-Voigt profiles
(Gaussian-Lorentzian products). No flood gun was used for charge neutralization. Charge shift was corrected setting the
spurious carbon contamination binding energy (BE) to 285 eV. For quantification purposes, sensitivity factors were 0.25
for C 1s, 0.66 for O 1s; 7.11 for Bi 4f and 3.4 for Sn 3ds,. XPS was performed on the two surfaces of the ribbon, the
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surface in contact with the rotating wheel (herein named CS) and the surface exposed to the air during casting (herein
named AS) before and after polishing with SiC polishing paper.

3. RESULTS AND DISCUSSION
3.1. Imaging

Ribbon surface in contact with the rotating wheel (CS) looked, at naked eye, very different from the surface in
contact with air (AS): AS was significantly duller than CS as shown by both sides pictures displayed in Figure 1.

(a) (b)

Fig. 1 Photograph of ribbon surfaces CS (a) and AS (b)

A more detailed view of these surfaces is shown in Figure 2 where optical microscopy images show that the
surfaces have very different structures.

Fig. 2 Optical Microscopy images for CS (a) and AS (b) surfaces

A smaller scale imaging was also achieved using tapping mode AFM. Moreover, AFM allows to study local roughness,
height profiles, comparing topographic images and phase contrast, among others. Table 1 shows AFM topography and
phase contrast images.

Detailed images, especially the topographic AFM ones, show that the surface which macroscopically (Figure 1) seemed
smoother (CS), presents a local higher roughness (higher RMS). Therefore, the local order is very different from the long-
range order.

In addition, the simultaneously acquired phase images show the same features as the topographic images, which reveals
homogeneity of mechanical/chemical properties of the surface.
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Table 1. AFM topography and phase contrast images and respective RMS. Black squares correspond
to the area swept in the next imaging scale.

Cs AS
AFM
Topography Phase Topography Phase
10 x 10 um
2.0um 2.0pm S ;,Q,E,'D‘
Z-scale max
(Min=0) 1.00 um 181V 324.56 nm 1.76 V
RMS 82.21 nm 32.27 nm
5x5 p.m2
z'?ﬁq"’i‘:]ezgax 133.60 nm 111V 257.52 nm 117V
RMS 20.21 nm 25.36 nm
2x2 me
400nm
o
Z‘?;?Le:gax 37.42 nm 188.34 mv 98.75 nm 220.64 mv
RMS 7.17 nm 9.49 nm

3.2. X-Ray Photoelectron Spectroscopy (XPS)
3.2.1. Chemical composition for as-received surfaces

Survey spectra revealed no elements other than Bi, Sn, O and C. The detailed regions of Bi 4f and Sn 3d for the as-
received sample are shown in Figure 3; Table 2 gathers the main parameters for all the peaks fitted to the entire analyzed
detailed XPS regions. Table 3 shows, in greater detail, the quantification results for metals (bismuth and tin).
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Fig. 3 XPS detailed spectra for Bi 4f and Sn 3d regions in both surfaces (CS and AS) for the as-
received ribbons

Bismuth and tin were studied through their most intense regions Bi 4f and Sn 3d, respectively. The first one is composed
of doublets Bi 4f7, / Bi 4fs, with a spin-orbit split of 5.3 £ 0.1 eV and the second one by doublets Sn 3ds; / Sn 3ds, with a
spin-orbit split of 8.4 + 0.1 eV. In both regions, for the two faces of the sample, two doublets existed as shown |n Figure 3
and Table 2. They show that, in both surfaces of the ribbon (CS and AS), bismuth is in the elemental form Bi® and Bi,O3
oxide, the relative amounts of each form being very different in both surfaces. The proportion of Bi>Os is very large on the
CS side while on the AS side, the proportion between Bi,Os and Bi becomes much more balanced, as shown in Table 3. In
what concerns t|n a very small component in the low BE side of both the Sn 3ds; and Sn 3d5/2 is detected and assigned
to elemental Sn° form. However, in both sample sides, the main component is assignable to Sn** in the form of SnO,. This
assignment is much more based on the stoichiometry to the existing oxygen than on the binding energy values for which a
large dispersion of binding energy values exist in the literature for both the +2 and +4 oxidation states [27, 28]. The
presence of carbon may be due to the adventitious carbon contamination or from graphite rod used to cause
homogenization during preparation.

Table 2. Position (eV), atomic % and assignment of all the components fitted to XPS regions C 1s,

O 1s, Bi 4f and Sn 3ds, for the as-received sample.

CS AS
Peak Assignment
BE(eV) at.% BE(eV) at.%
Cls1 285.0 33.7 2850 25.6 Adventitious carbon
C 1s2 287.4 3.6 288.2 3.6 Carbonyl groups
C1s3 289.0 2.8 290.4 2.1 Carbonate ion
O 1s1 530.0 229 530.6 30.7 Lattice oxygen
O 1s2 531.2 15.1 5317 11.7 Lattice oxygen
O 1s3 533.1 2.1 532.7 2.3 Organic carbon

Bi 4f72 1 156.5 0.8 156.5 1.3 Metallic Bi
Bi 4f7, 2 159.2 4.6 159.1 1.6 Bi:O3

Bi 4f52 1 161.7 0.6 161.8 1.0 Metallic Bi
Bi 4f52 2 164.5 3.4 164.4 1.2 BixOs
Sn3ds.1  483.8 0.5 484.5 0.4 Sn metal
Sn3ds.2 486.4 9.9 486.7 18.4 SnO»
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The experimental BE and atomic % errors associated to peaks resolved in the spectrum (such as the two Bi 4f
doublets), is, respectively = 0.1 eV and less than 0.05 x at.%. However, for fitted components, namely in the O 1s, or C 1s
regions, the error is much larger and difficult to estimate.

Table 3. Relative XPS atomic percentages of bismuth and tin with different oxidation states for the as-
received sample. Several atomic ratios are also included.

Phase CS AS
Metallic Bi 7.2 9.3
Bi** 40 12
Metallic Sn 2.7 17
sn* 50 77
Total Sn/Bi 1.1 37
Sn metal/Bi metal 0.37 0.18
sn*/Bi*" 1.2 6.4
Metallic "phase"/Oxidized "phase" 0.11 0.12

From Table 3, it is evident that the proportion of elements in the metallic phase to elements in the oxidized phase is
very small on both surfaces i.e. the two sides of the ribbon are covered with thick oxide layers, thickness being of the order
of magnitude of the escape length of photoelectrons here analyzed (a few nanometers). The proportion of SnO; on the AS
surface is larger than Bi.O3 proportion on the CS surface. However, atomic percentages and ratios presented in Table 3
should be read with caution: they were computed assuming that the photoelectrons were coming from an uncovered
infinite (in thickness) layer. Since the oxide layer is covering the metallic phase, two aspects should be taken into account:

i) For the metallic phase underneath the oxide layer, Sn 3d photoelectrons are more attenuated than the Bi 4f ones.
As a matter of fact, the multiplying attenuation factor is given by exp(- I/Ap), | being the overlayer thickness and A, the
escape depth of the photoelectron which is usually taken as 0.9 times the inelastic mean free path (IMFP) [29]. On the
other hand, the IMFP is an increasing function of the kinetic energy (KE). Since KE is given by 1486.6-BE, it is around
1330 eV and 1002 eV, respectively, for Bi 4f and Sn 3d photoelectrons; using the equation 1a from Tanuma et al. [30], we
obtain for the IMFP (or 4p), in SnO; oxide, the values of 18 A (or 16 A) and 22 A (or 20 A) respectively for Sn 3d and Bi 4f.
Therefore, the intrinsic photoelectron intensities, before crossing the oxide layer, are multiplied by a smaller factor in the
case of Sn 3d than in the case of Bi 4f. This suggests that Sn metal/Bi metal ratios in Table 3 are lower than the real ones
(even if a large error may be associated to that ratio due to the very low intensity of sn® component and to the fact that it is
in the tail of a much more intense peak) indicating that a large segregation of Sn at both surfaces exist.

ii) On the contrary, for the oxide overlayer, the atomic ratios may be over-estimated since, for a finite layer,
photoelectron signal is proportional to (1-exp(- I/Ap)) and, therefore, the Sn 3d signal is favored when compared to Bi 4f.
However, the factor never exceeds 1.2 (or 0.8) and it would be so if | was much lower than A, [31] which, given the values
of A, computed above, is not expected in this case.

Anyway, the total ratio Sn/Bi should not be (or just be slightly) affected and it is very clear that its value is much
higher, in both surfaces, than the nominal one. Since the main components are the oxides resulting from the oxidation
process, the explanation of this segregation should be discussed on the basis of the relative Standard Reduction
Potentials at 25 °C, E’s3+g = +0.308 V, E’sp2+isn = —0.14 V and E’spé+sn2+ = +0.15 V. From these values it can be
concluded that, thermodynamically, the tin in the presence of bismuth behaves as an anode and gets oxidized to Sn?
and, eventually, to sn**. The charged species having higher mobility in humid media tend to easily segregate at the
surface, the surface becoming very rich in (oxidized) Sn, specially in the surfaces where the oxidation conditions were
more favorable. These should be exactly in the AS surface where the available O, is more abundant and, most probably,
the humidity too. Once all the Sn reaching the surface is oxidized, bismuth also can be oxidized because of the existence
of local electrochemical cells due to local atomic deformations (grain boundaries, for instance).

To try to have a clearer information about the metallic phase, especially from tin, the same surfaces, analyzed as-
received, were polished as much as they could be (since they were brittle, they were just gently polished till the borders
started to detach from the tape where they were fixed before the insertion in the XPS analysis chamber.

3.2.2. Chemical composition for polished surfaces

Figure 4 shows XPS spectra for Bi 4f and Sn 3d regions after polishing and Table 4 gathers the main parameters for
all the fitted peaks.
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Fig. 4 XPS detailed spectra for Bi 4f and Sn 3d regions after polishing

Table 4. Position (eV), atomic % and assignment of all the components fitted to XPS regions

C 1s, O 1s, Bi 4f and Sn 3d after polishing.

CS AS Assignment

Peak

BE(eV) at.% BE(eV) at.%
C1s1 285.0 44.6 285.0 34.5 Adventitious carbon
C 1s2 287.3 4.1 286.5 5.4 Carbonyl groups
C 1s3 289.4 3.7 288.8 3.5  Carbonate ion
O 1s1 530.2 14.3 530.6 19.8 Lattice oxygen
O 1s2 531.9 10.9 532.0 15.4  Lattice oxygen
O 1s3 533.7 3.3 533.8 2.5  Organic carbon
Bi 4f72 1 156.5 2.7 156.5 1.6 Metallic Bi
Bi 4f72 2 158.9 3.0 159.0 1.8 Bi,O3
Bi 4fsp 1 161.8 2.0 161.8 1.2 Metallic Bi
Bi 4fs), 2 164.1 2.2 164.3 1.3 Bi>O3
Sn 3ds2 1 484.7 11 484.9 0.6  Snmetal
Sn 3ds2 2 486.5 8.1 486.8 125 SnOz

After polishing, the relative amount of the metallic form increases, especially in the CS face, but keeps being a
minor component as shown in Table 5.
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Table 5. Relative XPS atomic percentages of bismuth and tin with different oxidation states after
polishing. Several atomic ratios are also included.

Phase CS AS
Metallic Bi 25 15
Bi* 27 16
Metallic Sn 5.6 29
sn* 43 66
Total Sn/Bi 0.9 2.2
Sn metal/Bi metal 0.23 0.20
sn*'Bi* 1.6 4.1
Metallic "phase"/Oxidized "phase" 0.44 0.22

3.2.3. XPS Full width at half maximum

The full width at half maximum (FWHM) of XPS peaks may also be very informative about the respective species.
Table 6 contains their values for the peaks fitted to Bi and Sn XPS regions for both surfaces before and after polishing. A
very evident feature is that, for bismuth, the metallic peak is much narrower than the oxidized one. It may be so for two
reasons: i) the existence of mixture of oxides, since Bi may have two valence states (Ill and V); ii) the oxidized phase
forming rougher and more amorphous aggregates than the metallic ones and, therefore, enlarging peaks.

Table 6. The full width (£ 0.1 eV) at half maximum (FWHM) of XPS peaks.

As-received After polishing

Peak

CS AS CS AS
Bi 4f7;, metallic 1.4 1.3 1.3 1.3
Bi 4f7, oxide 1.6 1.7 1.8 1.9
Bi 4fs, metallic 1.3 1.2 1.3 1.3
Bi 4fs/2 oxide 1.6 1.8 1.7 1.8
Sn 3ds, metallic 1.7 1.7 2.1 1.5
Sn 3ds/2 oxide 1.7 1.7 1.8 1.7

For Bi»O3, before polishing, the FWHM on the AS surface is greater than that on the CS surface. Additionally, an
increase in FWHM after polishing is observed on both surfaces. These two facts point to the reason for peak broadening
coming mainly from the amorphous structure of the oxides which likely becomes even more amorphous after the
mechanical effect associated to the polishing action.

On the metallic phase, no such effect was expected. Values for metallic Sn seem to have been affected but that
may be misleading: due to their very small intensity, especially in the as-received surfaces, their FWHM was constrained
to be the same as the one for the oxide. In the polished surfaces, FWHM were allowed to fit freely. However, given their
still low intensity, values obtained for the parameters of the low intensity peak have large errors.

3.2.4. XPS charge accumulation

An interesting point was found concerning the charge accumulation on the surface during XPS analysis: for as-
received sample, the CS surface presented the smaller charge accumulation and the AS surface the largest one (inducing
charge shifts of 0.6 and 7.1 eV, respectively). After polishing, the two surfaces present similar charge accumulation
(charge shifts of 4.8 eV for the smooth face and 5.0 eV for the rough one).
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Table 7. Basic electrical properties for pure bismuth, pure tin and respective oxides, Bi,O3 and SnO,.

Electrical resistivity (Q m) Classification Energy gap (eV)
, 11.7x10°® (273 K)
Pure Tin metal
[32]
, 107x10® (273 K) _
Pure bismuth semi-metal
[32]
2.65x107* - 3.57x10™° a6
50N © n-type :
Sno: (150-200 °C) semiconductor [34] [35]
[33]
" R B-BizOsZ 2.58,
Bi»Os 5x10™ (300 K) [36] n-type/p-type

semiconductor [37] a-Bi0s: 2.85 [38]

The charge accumulation occurs if the sample is insulator or has low electrical conductivity. This charge is
eliminated if the sample is good electrical conductor. Now, the conductivity of the sample wheel surface (CS) is high due
to the high proportion of Bi,Os which has high ionic conductivity [39]. This, in turn, reduces the charge shift to 0.6 eV
before polishing. On the other hand, the AS surface has low conductivity because it has high proportion of SnO, which is
semiconducting with a lower energy gap than Bi»O3 [40], the charge shift increasing to 7.1 eV on the AS surface before
polishing. After polishing, the charge shift is approximately similar on both surfaces. Because of the removal of some of
the conductive layer of Bi,O3, this decreases the conductivity of the surface increasing the charge shift to 4.8 eV on the
CS surface. Also, the removal of some of the low conductive layer of SnO; increases the conductivity of the surface which
in turn decreases the charge shift to be 5 eV on the AS surface.

4. CONCLUSIONS

XPS reveals the formation of BiO3 and SnO; oxides on both surfaces of Bi-Sn ribbons rapidly solidified using the
melt-spinning technique. The proportion of SnO, on the AS surface was found to be larger than that of Bi.Oz on the CS
surface. Also the relative amount of the total Sn to the total Bi was found to be larger on the AS side than on the CS side
before and after polishing. Polishing was applied to surfaces to try to get more information about the metallic phase
underneath the oxide layer. Globally, for all the surfaces in the as-received and polished samples, the atomic ratio Sn/Bi is
much larger than the nominal initial value. For instance, for the nominal composition Bi-4% Sn, Sn/Bi should be
(4/118.7)/(96/209) = 6.8/93.2 = 0.073, it varies between 0.9 and 3.7. This is the consequence of the relative Standard
Reduction Potentials: at 25 °C, E°gs3+gi = +0.308 V, E%sn2+isn = —0.14 V and E’sné+sn2+ = +0.15 V. These values mean that,
thermodynamically, the tin in the presence of bismuth behaves as an anode and gets oxidized to Sn?" and, eventually, to
sSn**. The charged species having higher mobility in humid media tend to easily segregate at the surface, the surface
becoming very rich in (oxidized) Sn, specially in the surfaces where the oxidation conditions were more favorable. The
values of the XPS charge shift on both surfaces before and after polishing are related to the high electrical conductivity of
Bi,O3 and the low electrical conductivity of SnO5.
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