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Abstract: Sb-Te and Bi-Te compounds are key components of thermoelectric or phase change
recording devices. These two binary systems form commensurately/incommensurately modulated
long-period layer stacking structures known as homologous phases that comprise discrete intermetallic
compounds and X phases. In the latter, the homologous structures are not discrete but rather appear
continuously with varying stacking periods that depend on the binary composition. However, the
regions over which these X phases exist have not yet been clarified. In this study, precise synchrotron
X-ray diffraction analyses of various specimens were conducted. The results demonstrate that the X
phase regions are located between SbyyTes and SbsTe in the Sb—Te system and between BigTe; and
BisTes in the Bi-Te system.
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1. Introduction

Compounds in the Sb-Te and Bi-Te systems have been widely used as base materials for optical
disks and thermoelectric materials, and many studies have attempted to discern their phase diagrams
and crystal structures. DVDs and Blu-ray discs, which appeared in the late 1990s, have become
ubiquitous recording media in modern society owing to their improved recording densities and
fast writing and reading speeds. However, because of the rapidly increasing amount of digital data
requiring storage, further improvements in the capacity, reliability, and durability of recording media
are desired. The recording films in these media are predominantly composed of GeTe-Sb,Te; (GST)
pseudo-binary compounds [1], which are obtained by adding Ge to Sb-Te system (group 15-16)
compounds, or Ag-In-Sb-Te (AIST) compounds, which are produced by adding a small amount of Ag
and In [2]. Both materials allow the recording or rewriting of data as a result of a reversible transition
between crystalline and amorphous phases in response to temperature changes due to irradiation with
laser light. The thermoelectric properties of these compounds have been examined so as to improve
their performance [3-5], and research has also been performed with Ge-Bi-Te compounds obtained
by the addition of Ge [6]. The properties of these materials are highly correlated with their crystal
structures; therefore, the improvement of these compounds will require a good understanding of their
structures, temperature characteristics and phase changes. Previously, our own group has primarily
focused on the crystal structure of Sb—Te-based and Bi-Te-based group 15-16 compounds [7-10].

The structure of group 15-16 chalcogenide compounds consists of atomic layers having a triangular
lattice arrangement with a cubic close-packed ABC stacking sequence [3,4,11-14]. The structures of
Sb-Te compounds contain two different structural blocks: Sb-Sb layers and Te-Sb—Te-Sb-Te layers.
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These blocks are systematically stacked along the c-axis direction. As shown in Figure 1, Sb (having an
A7:hR2-type structure) and Sb,Tes (having an 1R15-type structure) consist solely of the former and
latter blocks, respectively. According to the composition of a particular compound, the number and
arrangement of blocks will change, and the general formula may be summarized as (Sb,),(Sb,Tes)
(where n and m are integers). Compounds with a long-period stacking structure, in which these two
basic structures form a eutectic mixture at the unit-cell level, are termed homologous phases [3]. The
period of the superlattice of a long-period structure, y, can be expressed as

y =3(n + 3m)/(2n + 5m), (1)

where the integer values n and m represent the numbers of each block. The structures of these
homologous phases are characterized by the presence of the two types of blocks stacked along the
c-axis direction with long periods according to their respective compositions. In the case where the
composition is expressed as Sby., Tey, (or Biy., Tey), the relationship between the period of the superlattice
and the composition is given by

y=2y-3. )
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Figure 1. Crystal structures of Sb and Sb,Te; projected along the a-axis. Yellow spheres represent Sb,
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and purple spheres represent Te.

In the X phase, homologous structures continuously appear in association with specific
compositions, and y can have both rational and irrational number values [10,15]. Because this
long-period structure is extremely sensitive to the composition and also varies depending on the heat
treatment applied to the specimen, it is important to optimize both the composition and heat treatment.
Previously, we analyzed the crystal structures of Sb-Te and Bi-Te chalcogenide compounds with low Te
concentrations in detail and confirmed the phase boundaries of the X phases [16]. The purpose of the
present study was to confirm the regions occupied by the X phases and the Te-rich phase boundaries
in both systems.

2. Materials and Methods

Ten specimens in the Sb-Te system were prepared, with Te concentrations in the range of 43.0 to
60.0 at%. These were synthesized by transferring the appropriate quantities of Sb and Te grains into
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quartz tubes filled with Ar. These tubes were subsequently sealed then heated in an electric furnace
(Shibao Co. Ltd., Osaka, Japan) at 1173 K for 30 min to melt the raw ingredients. After quenching in
ice water, the tubes were subjected to a prolonged heat treatment at 773 K for 88 days. In the case of
the Bi-Te system, seven specimens with Te concentrations ranging from 53.3 to 59.0 at% were prepared.
After heating, melting, and quenching in the same manner as for the Sb-Te system, heat treatment was
applied at 723 K for 48 days. In preparation for X-ray diffraction (XRD) analyses, the specimens were
ground in a mortar and passed through a 440 mesh (32 um) sieve to obtain a uniform microparticle
size. The powder specimens were transferred into quartz capillary tubes (each having an internal
diameter of 0.3 mm for the Sb-Te-system specimens and 0.2 mm for the Bi-Te-system specimens), after
which the tubes were evacuated and sealed under Ar gas.

XRD data were acquired using the SPring-8 powder diffraction BLO2B2 beam line. The experimental
apparatus included a large Debye—Scherrer camera acting as a transmission-type powder diffractometer
and an imaging plate as the detector, as well as the application of high-energy X-rays with a wavelength
of 0.042 nm and acquisition of the diffraction pattern at diffraction angles (26) from 0° to 80°. When
examining the Sb—Te system, patterns were obtained at 90 K by blowing nitrogen gas over the capillary,
while data for the Bi-Te system were acquired at room temperature [17]. XRD data were analyzed by
the four-dimensional Le Bail method based on the pattern decomposition of the diffraction profile [18].
The basic unit cell consisted of three cubic close-packed ABC layers, and the superspace group
was R-3m(00vy), refining the lattice constants, profile functions, and background functions via the
least-squares method using the JANA2006 software package [19].

3. Results and Discussion

3.1. Sb-Te System

Figure 2 shows the powder XRD profiles for the ten Sb-Te-system specimens. Relatively intense
peaks corresponding to pure Sb having an A7-type structure (y = 3/2) are evident in each case. As
noted in Section 1, A7-type is the basic homologous structure in this system. The less intense peaks at
approximately 2.2° and 4.9° are superlattice diffraction lines that are characteristic of the long-period
stacked structure of the specimens. Because the peak positions were shifted depending on the specimen,
it is evident that a suitable heat treatment (see Materials and Methods section) imparted superlattice
periods to the homologous structures that varied depending on the composition.

— Sby;Tey,
— SbgsTeys
— Sbg;Te,;
—— SbyTeyq
— SbygTes,

Sb,eTes,
— SbysTegs
— Sby,Tess
— Sb,,Tegg
—— SbyyTeg

Intensity(arb. units)
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20 (deg.)

Figure 2. X-ray powder diffraction profiles of Sb—Te specimens acquired at 90 K.
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Figure 3 presents the diffraction profiles of five of these specimens, magnified over the range of
4°-8°. The samples with compositions from Sbs;Tey3 to SbsgTesp and the SbygTesy specimen can be
regarded as having crystallized into their respective single structures, whereas the SbysTess sample
was composed of two coexisting phases. These profiles were analyzed using the Le Bail method, and
the resulting lattice constants, superlattice periods, and reliability factors are provided in Table 1. The
two phases present in the SbysTess specimen were identified as SbsTeq and Sb, Te; based on calculating
the atomic compositions using Equation (2). The a-axis length hardly changes as the Te concentration
increases, while the c-axis value increases gradually up to 54.5 at% Te. The coexistence of two phases
does not appear at Te concentrations below that in SbsTeg (54.5 at% Te), as can be seen from the
diffraction patterns of the Sbs;Teys, SbsTesg, and SbygTesp. These results demonstrate that an X phase
definitely exists in the Sb—Te binary system and that SbsTeg represents the Te side boundary of the X
phase on the Te-rich side.
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Figure 3. X-ray powder diffraction profiles of Sb—Te specimens acquired at 90 K. The horizontal axis
has been enlarged and the intensities are plotted on a logarithmic scale to emphasize the weaker peaks.
The arrows indicate peak splitting due to phase separation: A and B correspond to reflections from the
Sb,Tes and SbsTeg phases, respectively.

Table 1. Refined lattice parameters and final R factors for Sb-Te. The diffraction data used for the
analysis were acquired over the 26 range of 1.8° to 50.0°.

Specimen Sb57Te43 Sb51Te49 Sb4sTe52 Sb45T855 Sb40Te60
at.% Te (prepared) 43.0 49.0 52.0 55.0 60.0
a [nm] 0.425620(6) 0.426641(5) 0.425619(4) 0.425002(8) 0.425034(6)  0.426206(5)
¢ [nm] 0.59664(2)  0.598108(12) 0.599744(11) 0.60097(2)  0.60286(2)  0.606914(10)
y 1.7344(3)  1.75182(13) 1.76630(9)  1.7728(2) 1.7991(3)  1.80000(6)
at.%Te (calculated) 46.9 50.4 53.3 54.5 59.8 60.0
Phase Sb17Te15 SbTe Sb7Teg Sb5Te6 szTe3 szTe3
Phase fraction [%] 100 100 100 50.2(2) 49.8(2) 100
Rp [%] 3.19 4.29 5.69 5.37 4.64
Rwp [%] 4.95 6.91 9.03 8.98 7.70

Based on our previous study [16], the boundary of the X phase on the Sb-rich side is the SbyyTes
compound, with a Te concentration of 13.0 at%. In combination with the results obtained in the present
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study, it is apparent that the X phase region in the Sb—Te binary system is widely distributed through
compositions ranging from 13.0 to 54.5 at% Te (Figure 4).

Sb Sb,,Te, ’_ Sbs_Tea Sb,Te,

| 1 1 1 1 1 L
>

0 10 20 30 40 50 60
atomic percent Tellurium

Figure 4. The X phase composition region in the Sb—Te binary system.

3.2. Bi—Te System

Figure 5 presents the powder XRD profiles of seven Bi-Te-system specimens. As was also observed
with the Sb—Te system, intense peaks attributed to the fundamental A7-type structure are present. In
addition, the less intense peaks in the 20 range of 2.2°-4.9° are characteristic of the superlattice structure
of each specimen. The peak positions were shifted along with the Te concentration, strongly suggesting
that these homologous structures have different superlattice periods that vary with composition. These
same diffraction patterns magnified in the vicinity of 2.2° for each specimen are shown in Figure 6.
Here, it can be seen that two phases were present in both the BigzTes; and Bigj Tesg specimens, whereas
the other specimens consisted of a single phase.
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— Big,Tegg
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Figure 5. X-ray powder diffraction profiles of Bi-Te specimens acquired at 300 K.
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Figure 6. X-ray powder diffraction profiles of Bi-Te specimens acquired at 300 K. The horizontal axis
has been enlarged, and the vertical axis is plotted with a logarithmic scale to emphasize the weaker
peaks. The arrows indicate peak splitting due to phase separation: A, B, C, and D correspond to
reflections from the BigTes, BizTey, Bij3Tejg, and BiyTes phases, respectively.

The results obtained by analyzing these XRD profiles by the Le Bail method are summarized in
Table 2, which includes the atomic compositions of the specimens as calculated from the y values by
Equation (2). These data confirm that the BisyTess, BisgTess, BissTess, and Bigg Tesg were all single-phase
compounds and thus were all in the X phase. In contrast, the BiyzTes; specimen consisted of BisTes
and BizTey phases. This result shows that the boundary of the X phase on the Te-rich side is BisTes.
The Big,Tesg coincidentally crystallized into a single BizTes phase, while the Biy; Tesg specimen was
composed of BijsTejg and BiyTes, showing that the Bij3Te;g phase exists between BizTey and Bi, Tes. It
is very interesting that, in contrast to the Bi-Te system, there are no intermetallic compounds between
SbsTeg and Sb,Tes in the Sb—Te system (Figure 4). In our prior work [16], we found that the boundary
of the X phase on the Bi-rich side is a BigTe; compound with 27.3 at% Te. Considering this previous
result together with the data obtained in the present study, it can be concluded that the X phase region
is distributed from 27.3 to 55.7 at% Te (Figure 7). Furthermore, the two phases BizTe, and BijsTeg
appear in the region between the X phase and the Bi,Te; phase.
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Table 2. Refined lattice parameters and final R factors for Bi-Te. The diffraction data used for the analysis were acquired in the 26 range of 1.8° to 50.0°.

Specimen Bi47Te53 Bi46Te54 Bi45Te55 Bi44Te56 Bi43Te57 Bi42Te58 Bi41Te59
at.% Te (prepared) 53.3 54.6 55.6 56.3 57.1 58.1 59.0
a [nm] 0.441585(11)  0.440950(6) 0.440745(5)  0.440142(10)  0.439738(7) 0.43895 0.43895(2) 0.438489(6)  0.437404(10)
¢ [nm] 0.59892(2)  0.599164(12)  0.59986(2) 0.60034(2) 0.60080(2) 0.60352 0.60352(3)  0.605068(13)  0.60829(2)
y 1.76013(12)  1.76572(12) 1.7703(2) 1.77351(11) 1.7783(2) 1.7859 1.7859(2) 1.79038(13) 1.8
at.% Te(calculated) 52.0 53.1 54.1 54.7 55.7 57.2 57.2 58.1 60.0
Phase Bi12T813 Bi15Te17 Bi11T813 Bi19T823 Bi4Te5 Bi3T€4 Bi3T€4 Bi13T818 BizTeg;
Phase fraction [%] 100 100 100 100 61.2(2) 38.8(2) 100 45.6(2) 54.4(2)
Rp [%] 241 2.81 3.22 3.18 224 519 2.32
Rwp [%] 4.07 4.87 5.35 53 3.94 8.57 391
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Figure 7. The X phase composition region in the Bi-Te binary system.

Figure 8 plots the lattice constants of the fundamental cell for each phase obtained in this work as
a function of the calculated Te concentration in the Bi-Te binary system. The a-axis length decreases
linearly as the Te concentration increases, while the c-axis value increases gradually up to 55.7 at%
Te, after which it increases more rapidly, going from 55.7 to 60 at% Te. This change at 55.7 at% Te
corresponds to the X phase boundary associated with BisTes. Bos et al. also evaluated the crystal
structure and physical properties of the Bi-Te system and determined that these properties change
abruptly at 53 at% Te [4]. The structure of the BisTes phase is expressed (Bip);(BipTe3)s. These results
suggest that the characteristic structure of the Bi, Te3 phase (that is, Te-Te layers between Te-Bi-Te-Bi-Te
layers) becomes dominant at this boundary, leading to a change in the structure.
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Figure 8. The fundamental lattice constants a (diamonds) and c (circles) as functions of the Te
concentration in the Bi-Te binary system.

4. Conclusions

In this study, XRD was used to analyze Sb—Te and Bi—Te binary system specimens having high
Te concentrations. It was determined that X phase regions were present among the characteristic
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homologous phases of these systems, and that the stacking periods of these X phases continuously
changed along with the specimen composition. In the Sb—Te system, this region occurred in samples
with compositions ranging from SbygTes (13.0 at% Te) to SbsTeq (54.5 at% Te), whereas in the Bi-Te
system, this was observed in specimens with compositions ranging from BigTes (27.3 at% Te) to BisTes
(55.7 at% Te).
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