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Abstract. X-ray diffraction measurements using synchrotron radiation on liquid Si Tei«
(x<0.2) were carried out at several temperatures. At constant temperature, the first peak,
which is composed of Si-Te and Te-Te correlations, of the pair distribution function gradually
shifts to the shorter distances with increasing Si content. These shifts indicate the substitution
of Si-Te bond for the Te-Te bonds in the first peak. The total coordination number shows little
temperature variation and remains about two in the temperature interval of a few hundreds of
degrees. The composition and temperature behaviour of the Te-rich side of Si-Te liquid alloys
has already been investigated, among which thermodynamic behaviour is a quite contrast to
that of the Ge-Te alloys in the overlapping composition-temperature range of the present
investigation. We clarify the evolution of the local structure of the liquid Si-Te alloys in
comparison with the liquid Ge-Te alloys.

1. Introduction

Liquid Te-rich alloys exhibit unique temperature dependence of the physical properties [1, 2]. The
thermodynamic susceptibilities (specific heat, isothermal compressibility and thermal expansion
coefficient) for liquid GeisTess which is the eutectic alloy show the sharpest extremum so far found for
liquid semiconductors [3, 4]. It has been clarified that the anomalous thermodynamic behaviour is a
sign of the steep structural changes in the liquid with temperature [5].

Si and Ge belong to the 14" family of the periodic table and it is assumed that the liquid Si-Te alloy
at the Te-rich side has the similar covalent bonding mechanism to the liquid Te-rich Ge-Te alloy and
both physico-chemical properties would be much the same. The presumptions are in evidence in some
experiments. The electrical conductivity of liquid Te-rich Si-Te alloy has a temperature dependence
of a type of a liquid semiconductor [6]. The specific heat, compressibility and thermal expansion
coefficient show an extremum in the temperature domain where the electrical transport properties
change from semi-conductive to weak metallic state. The composition and temperature behaviour of
the Te-rich side of Si-Te liquid alloys is a quite contrast to that of the Ge-Te alloys in the overlapping
composition-temperature range, however. For example, the peak value of the specific heat and the

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1



Ist Conference on Light and Particle Beams in Materials Science 2013 IOP Publishing
Journal of Physics: Conference Series 502 (2014) 012029 doi:10.1088/1742-6596/502/1/012029

amount of volume contraction with temperature of SiisTess are, respectively, about half and 1/3 of
those of GejsTegs, while their temperature variation takes place over much wider range. In other
words the rate of structural changes with temperature in the Si-Te alloy is about halftimes as large as
the one in the Ge-Te alloy.

In the present study we clarify the evolution of the local structure of the liquid Si-Te alloys in
comparison with the liquid Ge-Te alloys.

2. Experimental

The Si-Te alloy samples were made from Si and Te shots of purity (99.999%) by direct mixing. The
raw materials were sealed in a molten quartz tube in 3 mm diameter with 0.5 mm wall thickness under
a vacuum of 2x10°° Torr, and kept at 1243 K for 24 hours. The liquid alloy was shaken a few times
during heating to make thorough mixing. After heating, the sample was quenched in iced water, and
then the alloy was ground to grains. Finally the powder sample was encapsulated in a silica glass
capillary in 2 mm diameter with 0.02 mm wall thickness for measurements under a vacuum of 2x10°
Torr.

X-ray diffraction experiments were carried out with the angle dispersive method at the BL04B2
beam line [7] of the SPring-8, Japan. Incident photon energy was 113 keV obtained by the third
harmonics reflection of Si(111) monochromator. The structure factor, F(g), where g = 4nsind/A, 26 is
the diffraction angle, and A the X-ray wavelength, was obtained from the net scattering intensities from
the sample after standard corrections for the background and empty cell intensities, absorption and
polarization [7, 8]. The measured temperatures were 763 K, 873 K, 923 K and 973 K for SixTe;.x with
x=0.05, 0.10, and 0.15, 873 K, 923K and 973 K for Sip2Teos.

3. Results and Discussion
Figure 1 shows the structure factors, F(g), for SisTe;.x alloys at 873 K. It can be seen that the profile
of F(q) changes systematically with Si concentration. With increasing Si concentration, the first peak
shifts to smaller value of ¢, while the second peak to the larger value. The second peak height
increases and the first minimum becomes deeper. A small hump, which is the indication of the
development of the medium range order, appears around ¢ = 0.8 A™' in F(g) for x = 0.15 and 0.2.

The total pair distribution function, g(r), is obtained from the Fourier transform of F(q) [§],

12 I(F(q)—l)q sin grdq > (1)
pr

r)=1+
g(r) Py

where p is the average number density of atoms in the alloy. The values of p used in this analysis are
calculated using the molar volume data in [9]. Figure 2 shows the total pair distribution functions of
SiyTeix alloys at 873 K. With increasing Si concentration very large changes in g(r) appear up the

second peak. The first peak position shifts to the shorter distance from 2.86 A for x = 0.05 to 2.75 A
for x = 0.2, accompanying the decrease in the height. The second peak grows steeply and becomes
prominent beyond x = 0.15 while its position remains almost unchanged. Corresponding to the
appearance of hump in F(g) around ¢ = 0.8 A" a new peak becomes apparent in around 7.8 A in g(r).

For a Si-Te alloy, the total structure factor, F(gq), is given by equation (2) in terms of Si-Si, Si-Te,
Te-Si and Te-Te partial structure factors, Fi(q).

F(q) = wsisi(q) Fsisi(q) + wsite(q)Fsite(q) + Wresi(q) Fresi(q) + Wrere(q)Frete(q) 2)

where wi(q) = xxfiq)f{q)/(xf{(q) + xf{(g))* in which fi(q) and x; are, respectively, the atomic form
factor and the concentration of Si or Te. Since the g-dependence of wi(q) is weak, the total pair
distribution function, g(r), obtained by putting equation (2) into equation (1), can be approximated to
equation (3) to a good approximation.
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Figure 1. The structure factors for liquid Figure 2. The total pair distribution functions
SixTei« alloys. The curves for SipTeg., for liquid Si-Te alloys. The curves for Sip1Teo.9,
Sip15Teoss and Sip2Teo g are shifted 0.5, 1.0 Sip.15Teo.ss and Sip2Teo s are shifted 0.5, 1.0and 1.5 ,
and 1.5, respectively. respectively.

2(r) = csisigsisi(?) T Csitegsite(7) + Cresig@resi(?) + Crere@rete(7) 5 3)

where the total pair distribution function is a weighted sum of the four partial distribution functions,
gii(r), of Si-Si, Si-Te, Te-Si and Te-Te pairs, defined by equation (4). The weighting factors c; are
xiZ:Zi/(x:Zi + x;Z;)* with the atomic number of an atom i, Z;. The partial pair distribution function for
an i-j atom pair is the probability to find j atoms at the distance » when an i atom is at the origin.
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Intuitive insight to the structure of liquid Si-Te alloy may be obtained from the total coordination
numbers 7 for the definite peaks in the radial distribution function G(r) = 4nr’pg(r).

)
n= L G(r)dr = (cgg + Cgp g H(Crosi + Crop g, )
1

For the total coordination number, 71 and 7> were chosen to be 2.2 A and the first minimum position of
G(r), respectively. The results are listed in table 1. The total coordination number remains about two
though a slightly decreasing tendency with increasing Si fraction can be seen. Further the depth of the
first minimum in g() becomes deeper as can be seen in figure 2, which indicates that overlap between
the first and second coordination shell decreases. Since the atomic number of Si and Te is 14 and 52,
respectively, the weighting factors, csisi and csite, for the partial radial distribution function of a Si
atom at the origin are 0.00398 and 0.0591, respectively, for the Si-richest Sig,Teos alloy. Therefore,
the composition-temperature dependence of the coordination number around a Te atom, nt., dominates
the present results.

The coordination number in pure Te at the melting temperature, 450 °C, is about 2.7, and decreases
to about two in the deeply under cooled liquid state, which has been interpreted as a liquid-liquid
crossover transition in liquid Te. At the melting point the transition is almost finished and liquid Te is
in a high temperature form in which inter-chain bonding caused by bond defects in a chain structure
brings about a local three-dimensional structure. By adding Si, the present results indicate that the
local structure around Te transforms back to a chain structure. A Si-Te alloy in the composition range
from x = 0.15 to 0.25 easily forms bulk glass of which the structure is shown to be Te chains
interconnected with Si atoms tetrahedrally coordinated to four Te atoms. The results are in good
agreement of Refs. [10, 11]. The latter structure is the structural unit of Si>Te; that is the only
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Table 1. The total coordination number of Si,Tei.x alloys.
763 K 873 K 923 K 973 K

SigosTeoos  2.00+£0.02  2.21£0.02 2.17£0.02  2.13+0.02
Sip.1Teoo 2.07£0.02  2.08+0.02 2.08£0.02  2.06x0.02
Sio.1sTeoss  1.9540.02 1.96+0.02 1.98+£0.02  2.02+0.02
Sio2Teos — 1.9240.02 1.841£0.02  1.85+0.02

stable compound in the Si-Te alloy. It is supposed, therefore, that added Si atoms compensate bond
defects in Te chains to form tetrahedral unit with surrounding four Te atoms, which would decrease
bond defects in a liquid and change the electrical transport properties from the semi-metallic to semi-
conductive state. The measurements by Gasser et al support this conjecture [6].

The structural evolution in the Si-Te system summarized above comparatively contrasts with the
results for the Te rich Ge-Te system in harmony with the difference in the behaviour of
thermodynamic susceptibilities. For example, the total coordination number of GeTesis as large as the
one for pure Te and increases apparently with increasing temperature from 623 to 796 K [12]. The
origin of liquid-liquid transitions in both systems might be somewhat different, therefore.

4. Conclusion

The X-ray scattering measurements were performed for liquid SixTe;alloys with x = 0.05, 0.1, 0.15
and 0.2 at several temperatures. The total pair distribution functions for the liquid Si-Te alloys exhibit
characteristic behaviour. The variation of the first minimum in the total pair distribution function with
Si concentration suggests that the bond defects in liquid Te decreases with addition of Si, and Si atom
connects four Te chains and forms the tetrahedral unit. The total coordination number obtained is
about two and decreases with increasing Si concentration. The structure of liquid Te by addition of Si
atoms transforms to a chain structure similar to that of liquid Se. The Sio.15Teoss and Sip2Teos alloys
have a hump at around 0.8 A in the structure factor, which suggests that the medium range order still
remain around near the melting temperature.

Acknowledgement

This work has been performed under the approval of the Japan Synchrotron Radiation Research
Institute (JASRI) (proposal no. 2012A1097). The authors thank Dr. K Ohara for his useful support on
experiments.

References
[1]  Tschirner H -U, Pazdrij I P, Weikart R 1983 Wiss. Z. d. Techn. Hochsch. Karl-Marx-Stadt 25/2
219.

[2] Tsuchiya Y 1993 J. Non-Cryst. Solids 156-158 704

[3] Tsuchiya Y, Saitoh K, Kakinuma F 2005 Monatshefte fiir Chemie 136 1963

[4] Narita M, Konishi I, Tsuchiya Y 2011 EPJ Web of Conferences 15 01021

[5] Bergman C, Bichera C, Gaspard J -P, Tsuchiya Y 2003 Phys. Rev. B 67 104202

[6] GasserJ-G, Halim H, Wax J -F, Vinckel J 1996 J. Non-Cryst. Solids 205&206 120

[7] Kohara S, Itou M, Suzuya K, Inamura Y, Sakurai Y, Ohashi Y, Takata M 2007 J. Phys.
Condens. Matter 19 506101

[8] Waseda Y 1980 The Structure of Non-Crystalline Materials ( McGraw-Hill, New York)

[9] Tsuchiya Y 1991 J. Non-Cryst. Solids 136 37

[10] Schoening F R L 1979 J. Mater. Sci. 14 2397

[11] Bartsch G E A, Bromme H, Just T 1975 J. Non-Cryst. Solids 18 65

[12] Otjacques C, Raty J -Y, Gaspard J -P, Tsuchiya Y, Bichara C 2011 Collection SFN 12 233





