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ABSTRACT

Polycrystalline samples belonging to the (CuAlSe,) 1.« (TaSe) 4 alloys system, in the composition interval 0 < x < 0.5, were
synthesized by the melt and anneal method. X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and
Differential Thermal Analysis (DTA) techniques were used for the characterization of the products. From XRD it can be
observed a chalcopyrite-like single phase in the composition range 0< x <0.1, with lattice parameters very close to
CuAlSe, and two-phases, chalcopyrite-like and hexagonal-Cug s, TaSe,, for 0.1 < x < 0.5. By SEM, the stoichiometry for
all samples had been measured and the new phase was identified as (Cug4Alg3)TaSe, . From DTA the respective phase
transitions with temperature were obtained. Using the experimental information, a preliminary T-x phase diagram was
proposed.

Keywords: Alloys, CuAlSe, TaSe, X-ray diffraction, differential thermal analysis, scanning electron microscopy, phase
diagram.
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ALEACIONES DE (CUALSE,);.x (TASE)x (0 <X < 0.5): MEDIDAS DE DIFFRACCION DE
RAYOS X, CALORIMETRIA DIFERENCIAL DE BARRIDO Y MICROSCOPIA
ELECTRONICA DE BARRRIDO

RESUMEN

Muestras policristalinas pertenecientes al sistema de aleaciones (CuAlSe;) 14 (TaSe) 4, en el rango de composiciones 0< x
<0.5, fueron sintetizadas usando el método de fusidn y recocido. Los productos fueron caracterizados por Difraccion de
Rayos X (DRX), Microscopia Electrénica de Barrido (SEM) y Analisis Térmico Diferencial (ATD). Los resultados de
rayos X muestran la presencia de una Gnica fase en el rango de composiciones 0 < x < 0.1, con una estructura cristalina
similar al CuAlSe; y dos fases, calcopirita tipo CuAlSe2 y hexagonal tipo Cugs,TaSe,, para el rango 0.1 < x < 0.5. Por
MEB, la estequiometria de todas las muestras fue medida lo que permitié la identificacién de la nueva fase como
(Cug4Alg3)TaSe,. De los resultados de ATD se obtuvieron los valores de las transiciones de fase en funcion de la
temperatura. Con los resultados experimentales obtenidos se propone un preliminar diagrama de fases T-x.

Palabras clave: Aleaciones, CuAlSe, TaSe, difraccién de rayos x, microscopia electronica de barrido, analisis térmico
diferencial, diagrama de fases.
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1. INTRODUCTION

Properties of semiconductors combined with
magnetic behavior give place to the so-called
diluted magnetic semiconductors (DMS) or “semi-
magnetic” semiconductors, largely investigated in
the last years due to their possible application in
spintronic devices [1]. Usually, preparation of DMS
compounds is achieved by substitution of one (or
more) non-magnetic element in a semiconductor by
magnetic atoms, generally transition metals (TM) as
Mn, Fe, Co, Ni, V, Cr, etc., maintaining the
empirical Grimm-Somerfield rule of four valence
electrons per atomic site [2-3].

CuAlSe, is a semiconductor material, which
crystallize, in the tetragonal structure, space group
142d (N 122), and belonging to the general A'-B"'-
cY', family of compounds that have been widely
studied [4]. In particular, for its wide direct energy
gap (Eg~2.6 eV at 300K) [5] and p-type conduction
[6], CuAlSe, has been considered for blue light-
emitting diodes in heterostructures with n-type 11-VI
semiconductors [7]. Moreover, discovery in the last
years of room temperature ferromagnetism (RT-
FM) in analogous A"-B'-CY, compounds alloyed
with TM has prompted a renewed interest in (A'-
B"-cY',) / (TM-VI) alloys [8-9].

On the other hand, Ta is a TM, atomic number 73,
electron configuration [Xe]6s?4f'5d°, with a melting
point of ~ 4011 K [10]. Due to their high melting
point, Ta is usually used to form alloys with
desirable properties. Kikkawa et al [11] reports that,
in the Ta-Se alloy system, they identify two
compounds, using Se/Ta composition relations from
2.0 to 3.0: hexagonal TaSe,, space group P6;mc (N
186) [12] and monoclinic TaSes, space group P2;/m
(N 11) [13]. They also note that TaSe, and TaSe;
coexist in the entire range of composition relations,
from 2.0 to 3.0, except for Se/Ta = 3.0 for which
only TaSe; was observed. Other authors, (Revelli et
al [14], Hayashi et al [15], and references therein)
signal that TaSe, crystallizes in several different
layered polymorphs as a function of temperature.
More recently, Ali et al [16] studied the synthesis of
Ta-based superstructures of intercalated metal
dichalcogenides because of their low-dimensional
electronic properties leading to the development of
charge density waves (CDW) and
superconductivity. They reported a new phase
entitled 2H-Cuqs,TaSe, obtained by chemical vapor
transport with a hexagonal structure of stacking

TaSe, layers (space group PomZ) based on the
MoS, type, with lattice parameters a=3.468 A and
c=13.568 A. The 2H is referred to as the partial
ordering of Cu over the tetrahedral sites, which is
responsible for a 2aq x 2by % ¢, superstructure.

Concerning (A'-B"-CY',))/(Ta-VI) alloys, up to now
our laboratory has been reported the synthesis and
characterization of the systems (CulnSe,); (TaSe)y
(0 <x<0.5) [17], (CulnTey):1« (TaTe)x (0 <x < 1)
[18] and (CuGaSe,);« (TaSe)x (0 < x < 0.5) [19]. It
was found that the solid solubility of TaSe (or TaTe)
was ~ 10% in all alloy systems. In this work, we are
investigated the analogous (CuAlSe);x (TaSe)y
system in the composition range 0 <x < 0.5.

2. EXPERIMENTAL PART

2.1 Synthesis process.

Samples were prepared in steps of x=0.1 in
composition from x=0 to 0.5; also, sample x= 1/3
was prepared. Polycrystalline ingots, of about 1 g
were obtained by the usual melt and anneal
technique, following the procedure described below.

Starting materials (Cu, Al, Ta, and Se) with nominal
purity of 99.99 wt. % in the stoichiometric ratio
were mixed in an evacuated (10™ Torr) and sealed
quartz tube with the inner walls previously
carbonized to prevent the chemical reaction of the
elements with quartz. The quartz ampoule is heated
until 493 K (melting point of Se) keeping this
temperature for 48 h and shaking all the time using
an electromechanical motor. This procedure
guarantees the formation of binary species at low
temperatures avoiding the existence of Se free gas at
high temperature, which could produce explosions
or Se deficiency in the ingot. Then the temperature
was slowly increased until 1423 K, with the
mechanical shaker always connected for a better
mixing of the components. After 24 h, the cooling
cycle begins until the anneal temperature (800K)
with the mechanical shaker is disconnected. The
ampoule is keeping at the annealing temperature for
1 month to assure the thermal equilibrium. Then the
furnace is switching off.

2.2 X-Ray Diffraction (XRD).

X-ray powder diffraction data was collected
employing a diffractometer (Siemens D5005)
equipped with a graphite monochromator (CuK,, A
= 1.54059 A) at 40 kV and 20 mA. Silicon powder
was used as an external standard. The samples were
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scanned from 10-100° 20, with a step size of 0.02°
and counting time of 20 s. The Bruker analytical
software was used to establish the positions of the
peaks from the CuKa; component and to strip
mathematically the CuKa, components from each
reflection. The peak positions were extracted by
means of single-peak profile fitting carried out
through the Bruker DIFFRACP™ software. Each
reflection was modeled utilizing a pseudo-Voigt
function.

2.3 Scanning Electron Microscopy (SEM).

Stoichiometric relations of the samples were
investigated by scanning electron microscopy
(SEM) technique, using a Hitachi S2500 equipment.
The microchemical composition was found by an
energy-dispersive x-ray spectrometer (EDS) coupled
with a computer-based multichannel analyzer
(MCA, Delta Il analysis, and Quantex software,
Kevex). For the EDS analysis, K, lines were used.
The accelerating voltage was 15 kV. The samples
were tilted 35 degrees. A standardless EDS analysis
was made with a relative error of + 5-10% and
detection limits of the order of 0.3 wt %, where the
k-ratios are based on theoretical standards.

2.4 Differential Thermal Analysis (DTA).

Differential Thermal Analysis (DTA)
measurements were carried out in a fully automatic
Perkin-Elmer apparatus, which consists in a Khantal
resistance furnace (Tn»=1650 K) equipped with
Pt/Pt-Rh thermocouples and an informatics system
for the automatic acquisition data. The internal
standard used was a high purity (99.99 wt. %) piece
of gold. The temperature runs have been performed
from ambient temperature to 1400-1500 K, which is
the recommended operative limit. The heating rate
was controlled electronically to 20 Kh™; the cooling
rate was given by the natural cooling of the furnace
after switching off. From the thermogram, transition
temperatures were manually obtained from the AT
vs. T graph with the criteria that the transition

occurs at the intersection of the baseline with the
slope of the thermal transition peak, as usual. The
maximum error committed in the determination of
transition temperatures by this method was
estimated to be + 10 K.

3. RESULTS AND DISCUSSION

In figure 1, experimental diffraction patterns are
displayed. Sample x=0.1 shows a single
chalcopyrite-like phase, with lattice parameters very
close to CuAlSe,. The gray ticks signal the position
of the peaks and the Miller indices for the hkl
crystallographic planes are labeled in black color.
Samples x=0.2 to 0.4 show the same chalcopyrite-
like phase that x=0.1 and traces of secondary phases
signaled by red and green ticks. Finally, for sample
x=0.5, one of the previous secondary phases (red
labels and ticks) becomes the mean phase whereas
the chalcopyrite-like phase becomes secondary.
Traces of the other secondary phase (green ticks)
were also observed and identified as TaSes.

The phase signaled in red, has been indexed (see
Table 1) using the diffraction pattern of sample
x=0.5, in a hexagonal structure with the aid of
DICVOL 06 software [20], obtaining the lattice
parameters: a = (3.454+0.001) A, ¢ =
(13.411£0.003) A, and V = 13855 A% The
indexation was performed with the first 17
diffraction peaks omitting the peaks at a high
diffraction angle to obtain the best figure of merit
and avoid ambiguity in lattice parameter values.
This procedure gives a high figure of merit of 56.7.

However, for a complete identification of the phase
crystal structure remains the knowledge of the space
group. With this in mind, we remembered that this
hexagonal phase has been observed also in the
(CuGaSey);x (TaSe)s alloys system for sample
x=0.5, as is showed in figure 2, where samples
x=0.5 for (CuGaSe,);x (TaSe)y and (CuAlSe,);«
(TaSe)y are compared.
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Figure 1. XRD measurements for (CuAlSe,);x (TaSe) x alloys for 0 < x < 0.5. The labels in black and gray ticks
correspond to a chalcopyrite-like phase, very close to CuAlSe,, whereas red labels and ticks correspond to a hexagonal
phase (see text below). The green ticks signal another secondary phase identified as TaSes.
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Table 1. Indexation of the hexagonal phase (red labels in Figure 1).Direct parameters: a = (3.4539+0.0005) A,
¢ = (13.4109+0.0026) A, Volume = 138.55 A® Figures of merit: M (15) = 56.7; F(15) = 25.0(0.0166, 41)

N hkl dobs (A) dcal (A) Ad (A) 2@obs (0) 2@cal (0) 420 (I/ IO)obs [(Vo]

1 002 6.68679 6.70489 -0.01811 13.230 13.194 0.036 100
2 100 298847 299108 -0.00261 29.874 29.847 0.027 43.5
3 101 291725 291934 -0.00209 30.621  30.599 0.022 7.9
4 102 2.73011 2.73160 -0.00148 32.777 32.759 0.018 15.7
5 103 2.48513 2.48587 -0.00074 36.114 36.103 0.011 88.8
6 006 2.23411 2.23496 -0.00086 40.338 40.322 0.016

104 2.23188 0.00223 40.380 0.042 e
7 105 199662 1.99680 -0.00018 45.387 45.383 0.004 49.8
8 106 1.79012 1.79037 -0.00025 50.974 50.966 0.008 3.5

9 110 1.72669 1.72690 -0.00021 52.989 52.982  0.007 231

10 008 1.67624 1.67622 0.00001 54.715 54.715 0.000 6.0

11 200 1.49562 1.49554 0.00008 62.000 62.003 -0.003 2.8

12 108 1.46272 1.46226 0.00046 63.555  63.577 -0.022 7.6

13 203 1.41847 1.41826 0.00020 65.783 65.794 -0.011 9.1
116  1.36651 1.36651 0.00000 68.624 68.624 0.000

H 204 1.36580 0.00071 68.665 -0.041 52

15 205 1.30657 1.30619 0.00039 72251 72276 -0.025 9.0

16 118 1.20313 1.20286 0.00028 79.620 79.642 -0.022 9.6
1011 1.12857 1.12900 -0.00043 86.086 86.045 0.041

17 10.4
119 1.12818 0.00038 86.122 -0.036
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Figure 2. Comparison of samples x=0.5 for (CuGaSe,);.x (TaSe), and (CuAlSe,); (TaSe), alloys systems. Red asterisks
signal the hexagonal phase, blue ticks the chalcopyrite-like phase, and green ticks TaSes.

There are no dubs than the hexagonal phases
observed in both systems are very close. The lattice
parameters are nearly the same. The obvious
difference is than the hexagonal phase is best
defined and the diffraction peaks are stronger and
sharper in the system (CuGaSe,):x (TaSe)y. The
second step is compared to this well-defined phase
with the results obtained recently by Ali et al (2014)
[16] for intercalated transition metal chalcogenides,
in particular the compound 2H-Cugs,TaSe,. This
compound crystallizes in the hexagonal structure,
space group Peémz2 (N 187), with lattice parameters
a=3.468 A and c¢=13.568 A which are close to the
lattice parameters obtained in our work. In figure 3,
we compared the calculated diffraction pattern for
2H-Cugs,TaSe, using the mentioned space group,
the experimental lattice parameters, and Power Cell
software [21] and the experimental diffraction

pattern for the sample x=0.5 in the system

(CuGasSey);« (TaSe)y.

The coincidences in the peak positions are very
good (the lattice parameters are very close), the only
difference occurs in the intensities. This difference
can be explained since Cu positions (in Cugs,TaSe;)
are surely shared with Ga in the (CuGaSe,);«
(TaSe)y alloy and the difference in the X-ray mass
attenuation coefficients (for CuK,: 52.9 and 67.9
cm?/g for Cu and Ga, respectively).

We can conclude that the observed hexagonal phase
belongs to the P&ém2 space group with the indexed
lattice parameters obtained before. That allows us to
perform Rietveld refinements for the full knowledge
of their crystal structure which will be the object of
the next report in a specialized journal.
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Figure 3. Comparison of the experimental diffraction pattern for sample x=0.5 for the alloy system (CuGaSe;);x (TaSe)y
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In figure 4, the lattice parameters: a, ¢, and c/a
(tetragonal distortion) for the chalcopyrite-like
phase are displayed. At ambient conditions, the
values of the lattice parameters of CuAlSe, are
reported to be a (5.617+0.001) A, ¢
(10.92+0.02) A and c/a = 1.944+0.004 [22]. It can
be observed that a decrease from x=0 to x=0.2
whereas ¢ increases from x=0 to x=0.3 given place
to the behavior of the lattice distortion where c/a
increases from x=0 to x=0.2. This behavior would
be discussed in terms of the disorder that introduces
the presence of the third cation (Ta) in the cationic
sublattice; it has been well established that the
ordered chalcopyrite phase upon disordering tends
to the zincblende-like sphalerite phase which is
nearly cubic with c/a ~ 2. That is the tendency that
we observe until x=0.2. However, for x>0.2, c/a
decreases suggesting that a reordering of the

100

20

(in the top) with the calculated diffraction pattern for 2H-Cug s, TaSe, sample (in the bottom). The insert is an amplification
of the particular region. Green ticks: TaSe; phase; Blue ticks: chalcopyrite CuAlSe,-like phase.

cationic sublattice occurs.

This reordering is a general tendency of (A'-B"'-
cY,) / (MT-VI) alloys that we are discussing in
other articles, in particular for (CulnSe,),« (FeSe)y
alloys system [23] (see figure 5). The ordered
chalcopyrite structure (x=0), space group [I42d
disorders with the addition of the third cation
undergoing a crystallographic transition to the
partially disordered chalcopyrite-like phase, space
group F42c. When the third cation becomes
majoritarian (at x=2/3), a new crystallographic
phase transition occurs to an ordered stannite, space
group /42m. In the interval 0 < x < 2/3, the
chalcopyrite-like phase has a variable degree of
disordering which corresponds to the behavior of
the lattice parameters (and also the tetragonal
distortion).
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Figure 4. Lattice parameters of (CuAlSe;);« (TaSe)  alloys for 0 < x < 0.5. Left: a and ¢ parameters; right: tetragonal
distortion c/a.

Figure 5. Crystallographic evolution of (A'-B"'-C¥'2) / (MT-VI) alloys using (CulnSe,) / (FeSe) as example. Left: x=0
(CulnSe,), ordered chalcopyrite phase, space group I42d; center: x=0.5 (CuFelnSes), partially disordered chalcopyrite-
like phase, space group F42¢ (note that orange color labeled as CuFeln represents a crystallographic site that is shared at
random by Cu, Fe and In); right: x=2/3 (CuFe;InTe,), ordered stannite, space group 142m. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article).
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In Table 2, SEM results are summarized. Nominal
stoichiometry of the chalcopyrite CuAlSe,-like (in
red) and Cugs,TaSe,-like phase (in blue) are
compared with experimental measurements.

Ta is always present in the CuAlSe,-like phase but

never exceeds 10% as it was observed is similar
Ta-based alloy systems [17-19]. Cugs,TaSe,-like
phase has been observed in compositions x=1/3,
0.4, and 0.5 but is not observed for compositions
x=0.1, 0.2, and 0.3 although traces were observed
in diffraction patterns.

Table 2. SEM experimental results for (CuAlSe,); , (TaSe)  alloy system for 0 <x <0.5.

Composition  Molecular Nominal Experimental stoichiometry
X Weight stoichiometry [%]
[or] [%] CuAIS,-like phase  (Cugs,TaSe,)-like phase

Cu=25.0 Cu=25.3+0.2
Al=25.0 Al=248+0.2

x=0.0 238.45
Ta=00.0 Ta=00.0
Se=50.0 Se=49.9+0.5
Cu=23.7 Cu=074 Cu=23.0%07
Al=23.7 Al=07.4 Al=21.4+0.3

x=0.1 240.59 Not observed
Ta=02.6 Ta=284 Ta=013%05
Se=50.0 Se=56.8 Se=543+05
Cu=22.2 Cu=074 Cu=234%03
Al=222 AI=074  Al=199+0.3

x=0.2 242.74 Not observed
Ta=5.6 Ta=284 Ta=023+0.8
Se=50.0 Se=56.8 Se=54.4+04
Cu=20.6 Cu=074 Cu=245%04
Al=20.6 AI=074 Al=213+05

x=0.3 244.89 Not observed
Se=50.0 Ta=284 Ta=03.9%0.8
Ta=8.8  Se=56.8 Se=50.3+0.7
Cu=20.0 Cu=074 Cu=215%05 Cu=089+0.3
AlI=20.0 AI=074 Al=193+04 Al=07.0£05

x=1/3 245.60
Ta=10.0 Ta=28.4 Ta=06.9%0.6 Ta=29.7+0.4
Se=50.0 Se=56.8 Se=523+0.6 Se=54.4+0.6
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Cu=18.75 Cu=074 Cu=195+03 Cu=108+0.3
Al=18.75 AI=07.4 Al=195+04 Al=072+05
x=04 247.03
Ta=125 Ta=284 Ta=06.7+0.7 Ta=298+04
Se=50.0 Se=56.8 Se=543+038 Se=522+056
Cu=16.67 Cu=074 Cu=193=+03 Cu=09.8+0.3
Al=16.67 AI=07.4 Al=19.7+0.3 Al=07.0+05
x=0.5 249.18
Ta=16.67 Ta=284 Ta=057+05 Ta=298+04
Se=50.0 Se=56.8 Se=553%0.7 Se=534+0.6
The mean experimental stoichiometry observed for
the Cugs,TaSe,-like phase has been calculated as
CupsAlo3TaSe,. In Figure 6, a microphotography of u—1/4 = (R%.— R%.)/a> (1)

this phase is shown. It can be clearly observed the
platelets that confirm the laminar character of the
crystal structure of this phase.

23k Fa o

Figure 6. Micrography of the hexagonal Cug,Aly3TaSe,
phase.

Concerning to CuAlSe,, Korzun et al [24] reported a
melting point of 1363K and no order-disorder
transition up to the melting point contrary to other
similar A'-B"'-C"', compounds. Zunger (1986) [25]
proposed a model where the strain energy, set up by
the atomic size mismatch between A-C and B-C
bonds, control the nature of the state of order, in
such a way that displacement parameter (u)
parameter (defined in equation 1) can be used to
predict the presence (or not) of the order-disorder
transition before melting.

@

In this equation, a is the lattice parameter and R the
bond distance that can be obtained from the atomic
covalent radii (r) through the expressions: Rac=ra+
rc and Rgc = rg + rc (A, B and C refers to the atoms
A, B and C on A'-B"-C"', nomenclature). Zunger
suggests that for a sufficient large displacement
parameter, the enthalpy of the disordered phase
would be so large, that even the entropy gain upon
disordering will be insufficient to stabilize this
phase before melting, so the system will be non-
disordering. The critical value for u is found to be
u~0.265. The model implies that compounds with u
> 0.265 must not show order-disorder phase
transition whereas compounds for u < 0.265 must
disorder before melting. In the case of CuAlSe,,
u=0.264, so it must show a disorder phase transition
before melting, however, its value has not been
reported until now.

In figure 7 (left side), the thermogram for CuAlSe,
obtained from a single crystal growing using
chemical transport [5] is displayed, and on the right
side the deconvolution of the melting peak. From
the thermogram and deconvolution, we observe:

a) In the heating, the melting point at ~1350K
and a second peak at ~1287K that we attribute to a
solid — solid + liquid transition.

b) In the cooling, a solidification point at
1318K and a second peak at 1145K that we identify
to the order-disorder phase transition because of
their little size. It is worth to remember that the size
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(area under the peak) is the change in the enthalpy
(energy) associated to the transition, which is very
low for order-disorder transition for chalcopyrite

| — T T T T

1260 1280 1300 1320 1340 1360 1380 1400 1420

Delta T/ AT[K]

compounds (in de order of 10 eV/atom) [26]

(CuAlSe;);_x(TaSe)y
10 x =0 (CuAlSep)

1100 1200 1300 1400 1500

Temperature / T[K]

Figure 7. Left side: DTA thermogram for CuAlSe, single crystal grown by chemical transport method. In the inset, an
amplification of the peak at 1145K. Right side: Deconvolution of the melting peak of CuAlSe,. Black: DTA experiment.
Blue: fit peaks and baseline. Red: a sum of the two blue peaks. Red lines: extrapolation to the baseline to obtain the
transition temperature according to the criteria usually accepted for DTA technique.

The dependence of the critical temperature T, with
composition can be roughly calculated using an
extension of the VanVechten theory [27-29]:

T, = (8 AEg +T25) )

Where B = 43.941 K*® eV and T, = 132.64 K are
constants obtained from the fit of experimental
values; AE, is the variation of the band gap between
ordered and disordered phases given by:

AE, = a,5C2 /4, (3)
Where A, ~ 1 eV is the effective band width
parameter, aag IS a correction factor which depends
on the involved cations and C is defined as:

(4)

€= 15¢? (@ — é) exp(—kR)
s T3

A and B denotes the constituent cations of the
ternary ABC,, e is the electron charge, Z represents
the valence number of cations, r the covalent radii,
k= (4.045 x 10%a%°) cm™ is the screening wave
number related with the lattice parameter of the
ternary compound and R = (ra + rg + 2r¢c)/4 is the
arithmetic average of r. The dependence with
composition is obtained using:

() = (1l —x) +1p(x) )
rgla) = rp(1 —x) +1p(x) (6)
tap(x) = aap(l —x—x%) (7)

The values of aag are known for o n=0.043, ocyca
=0.029, apgin=0.039, 0z,6e=0.025 and o1z,5,=0.042,
but the value of acya has not been reported yet.
Using the former equations and the value of
T.=1145K for CuAlSe, obtained in this work by
DTA, a value of o0c,4=0.019 has been calculated.
By simple inspection, it can be noted that the values
of aag are proportional to the sum of the atomic
numbers A and B. In figure 8, we are plotted oap VS
Atomic number A+B, to verify if the obtained value
for acyar follows this empirical rule. Effectively, it
does.

In figure 9, DTA heating and cooling cycles for
(CuAlSe,),x (TaSe)  alloy system in the
composition range 0< x <0.5 are plotted.
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Figure 9. DTA heating (top) and cooling (bottom) cycles for (CuAlSe,). (TaSe) 4 alloys in the composition range
0<x <0.5. The labels indicated the values of the thermal transition.
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A first observation is the reduction of the area under
the curve for the melting peak (proportional to the
change in enthalpy at the transition) with the
increase in composition values, from x=0 to x=0.5,
except for x=1/3. It is a fingerprint of the reduction
in the energy necessary for melting due to
disordering in the cationic sublattice. On the
contrary, the increase in the area for x=1/3 suggest a
reordering of the cationic sublattice for this
composition and an increase in the thermal stability
for this composition.

In the heating cycle, all the samples show a
peritectic melting point with a relative wide solid +
liquid region, except for sample x=0.1 for which the
solid + liquid region is narrow. In this cycle, little
peaks are also observed at lower temperatures,
suggesting solid to solid thermal transitions,
however, the peaks are not clear. In the cooling
cycle, the liquid to solid + liquid transition is not
clear, however, the solid + liquid to solid transition
can be observed with high precision as it is usual in
this technique. The solid to solid transitions are
better observed in the cooling than in the heating
cycle. The addition of Ta induces a continuous
increase of the melting point of the alloys as it was
expected due to its high melting point (4011 K). The
synthesis of Ta alloys is possible because of the
chemical reaction of Ta with Se at the relatively low
temperatures of Se melting (493 K), the procedure
used in this work, which allows the formation of
binary species (TaSe, and TaSes). The presence of a
little peak at high temperature, observed for samples
x=0.2, 0.4, and 0.5, is due to the presence of one or
more (possibly two) liquid + solid regions.

Finally, using all the information, a preliminary T-x
phase diagram (see Figure 10) was proposed.

4. CONCLUSIONS

The (CuAlSe,).« (TaSe) x alloy system has been
studied by XRD, DTA, and SEM techniques. It was
found that solubility of TaSe in CuAlSe, is less than
10%, as it was reported for other similar alloy
systems as (CulnSe,);« (TaSe)y, (CulnTe,)1 4 (TaTe)y
and (CuGaSe,).x (TaSe)x.

1000 {

Temperature / T [K]

800{
a o'ty

600

00 01 02 03 04 05 0.6
Composition / x

Figure 10. Proposed T-x phase diagram for (CuAlSe,);.«
(TaSe) x alloy system. The dotted red line was calculated
using VanVechten theory (equations 1 to 6). The lecture
of the phases is as follows: o (ordered chalcopyrite), o’
(partially ~ disordered chalcopyrite), vy (hexagonal
Cugs,TaSe, -like), B (disordered sphalerite) and L
(liquid).

A new phase similar to Cugs,TaSe, with
experimental stoichiometry close to CugsAly4TaSe,,
where Cu sites are shared with Al, has been plenty
identified; it crystallizes in the hexagonal structure,
space group Peémz2 (N 187), with lattice parameters
a = (3.4539+0.0005) A, ¢ = (13.4109+0.0026) A
and Volume = 138.55 A3, Concerning to CuAlSe,,
two new thermal phase transitions were observed:
an order-disorder at 1145 K and solid to solid +
liquid at 1287 K. From the temperature value of the
order-disorder transition, the value of the parameter
ocual = 0.019 in the VanVechten’s model was
obtained. Finally, a first version of the T-x phase
diagram for this alloy system was reported.
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