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Abstract—The avail able phase-diagram data for the Cu—Te system are critically evaluated, and the T—x phase
diagram is optimized. The thermodynamic properties, polymorphism, and crystal structures of copper tellurides

are analyzed.

INTRODUCTION

The Cu-Te system is the most complex among the
copper—chal cogen systems and has not yet been studied
in sufficient detail. Data on this system were summa:
rized earlier by Okamoto in 1994 [1]. The brief review
by Feutelias and Legendre [2] cites, for the most part,
datafrom [3]. In those works, not all Cu—Te phases are
characterized, and thermodynamic data are lacking. In
this paper, we present acritical evaluation of the avail-
able phase-diagram data for the Cu-Te system and
summari ze the thermodynamic properties of copper tel-
lurides.

The Cu-Te systemisinteresting in that the most sta-
ble copper telluride Cu,Te retains semiconducting
properties in the liquid state [4]. Data on intermediate
phases in the Cu-Te system are also of considerable
interest in the context of the characterization of cuprif-
erous electrolyte slime and tellurium extraction [5].

T—x PHASE DIAGRAM
OF THE Cu-Te SYSTEM

The Cu-Te system was first studied in 1907.
Puschin [6, 7] identified the compounds Cu,Te and
CuTe by measuring the room-temperature emf across
the electrochemical cell Cu/CuSO,(aq)/Cu,Te,_,. He

observed a rather large change in emf (to 80-100 mV
below the electrochemical potential of copper) in the
composition range Cu,Te-CuTe. Chikashige [8] studied
the Cu-Te system using thermal and microstructural
analysis. Hisresults are presently of limited interest.

In the unpublished dissertation by Keymling [9], the
T—x phase diagram of the Cu-Te system was studied in
the composition range 0-66 at. % Te. That work was
widely cited in later publications[10-12], which makes
it possible to gain a general idea of his results. Later,
Anderko and Schubert [12] mapped out the T-x phase

diagram in the range 40-100 at. % Te using their own
and earlier [8, 9] results.

The most comprehensive study of the copper—tellu-
rium system was reported by Blachnik et al. in 1983
[13]. They used high-purity starting chemicals and care-
fully homogenized their samples by long-term anneal-
ing. The characterization techniques they used included
differential thermal analysis (DTA), differentia scan-
ning calorimetry (DSC), and x-ray diffraction (XRD).
Their findings form the basis of present-day knowledge
of phase equilibriain the Cu-Te system [1, 2].

A drawback common to the af orementioned studies,
except for the one by Chikashige [8], is the lack of
numerical datain the form of tables. Experimental data
were presented in the form of plots, occasionaly even
without data points [12]. The reported results do not
always agree, even as to the compositions of intermedi-
ate phases, presumably because equilibration in the
Cu-Te system requires anneals as long as severa
months [13]. Here, we assess the available results tak-
ing into account the | atest reports.

Liquidusand binodals. Theliquidusin the primary
crystallization region of Cuwasmapped outin[9]. Lig-
uidus data in the range from Cu,Teto 95 at. % Te were
reported in [13]. The results obtained in those studies
between 36 and 43 at. % Te coincide (Fig. 1). Thelig-
uidus line in the vicinity of Cu,Te was constructed
in [14] using precision DTA with an accuracy of £1 K.
In the range 33.3-36.0 at. % Te, the results reported by
Blachnik et al. [13] and Glazov et al. [14] agree to
within the experimental error. At the same time, the
data reported by Glazov et al. [14] for the composition
range 31.3-33.2 at. % Te are inconsi stent with the posi-
tion of the monotectic horizontal

L2<——> L1+CU2T8 (1)

reported in[13]. Thus, additiona studiesof theliquidus
inregion d,f (Fig. 1) are needed.
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Fig. 1. T-x phase diagram of the Cu-Te system: (1) (Cu) + L, () L, + A, ) A+ L, (49 A+L, (5 M, (6) A+ B, (7) D, (8) E;
designations are taken from [1]; because of the small scale, two points coincide at p*.

The most detailed data on the miscibility gap
between Cu and Cu,Te (Fig. 1) were obtained in[15] by
measuring the ultrasound velocity in the melt. Samples
were prepared by slowly heating appropriate mixtures
of electrolytic copper and TA-1 telluriumdirectly inthe
measuring cell, with 1-h halts at the melting points of
the constituent components and melt stirring at 1600 K.
The process was run in a spectral-grade argon atmo-
sphere. The ultrasound velocity was measured repeat-
edly by a transducer translated vertically. Acoustic

bonds were made by applying thin layers of boric anhy-
dride to the transducer buffers. The temperature in the

measuring cell was maintained with an accuracy of
+2-3 K. The critical point of the immiscibility dome
wasfoundtolieat 17.5 at. % Te and 1479 K [15].

Burylev et al. [16, 17] studied liquid immiscibility
in the Cu-Te system by examining guenched materials.
According to their results, the miscibility gap is
bounded by essentially parallel lines. The most likely
reason for the discordance between the resultsin ques-
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Table 1. Melting point of Cu,Te

541

T K Method Source Tm K Source
experimental data recommendations
~1400 Thermal analysis =1413 [3]
1384 DTA [17] =1416 [1]
1390+ 6 DTA [13] =1413 [2]
1391+ 1* Precision DTA [14] 1389.2 [14]
1387 + 1** Precision DTA [14] 1388 £2 This paper

* Composition with Ty, (33.7 £ 0.1 at. % Te).
** T, of stoichiometric Cu,Te.

tion isthat, in the study by Burylev et al. [16, 17], the
melt was equilibrated for an insufficient time. There-
fore, their data should left out of consideration in con-
structing the equilibrium phase diagram.

Intermediate phases. The Cu-Te system contains
seven compounds. Most of them exist in several differ-
ent polymorphs, which were labeled A to N in [1],
except for CuTe. Here, we also use those designations
(Fig. 1). The only congruently melting compound is
Cu,Te.

Table 1 lists the experimentally determined and rec-
ommended melting points of A-Cu,Te. Clearly, the
melting temperature determined in [ 14] isthe most reli-
able.

The heat of melting of Cu,Te was determined by
guantitative DTA (24.7 kJ/mol) in [18] and by drop cal-
orimetry (9.95 + 0.5 kJ/mol) in [19].

Glazov and Mendelevich [18] prepared Cu,Te from
stoichiometric mixtures of electrolytic copper (VCh
grade) and 99.999%-pure tellurium. The mixtures were
sealed in tubes under vacuum and heated over a period
of 5 h with a1-h halt at the melting point of tellurium.
After the melting point of Cu,Te was reached, the sam-
ples were furnace-cooled to 820 K and then quenched
in water. Microstructural examination revealed the
presence of small copper inclusions, which were also
observed in later studies[20].

Blachnik and Gunia [19] prepared Cu,Te from
semiconductor-grade copper and tellurium. Stoichio-
metric mixtures were sealed in silica tubes under vac-
uum and heated stepwise to 20-35 K above the melting
point of Cu,Te. The samples were cooled for 3 weeks.

Although the reported heats of melting differ by a
factor of 2.5, it is difficult to give preference to one of
them. There is however some evidence in favor of the
value obtained in [18]. First, Glazov and Mendelevich
[18] found the entropy of melting of M,X (M = Cu, AQ)
calculated from their A, H datato be strongly correl ated
with the bond ionicity in these chalcogenides, in con-
trast to the A, Svalues obtained in[19]. Second, Glazov
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et al. [14], using the experimentally determined melting
temperature and heat of melting of Cu,Te and the cal-
culated radius of curvature of the liquidus line at the
melting point of Cu,Te [18], assessed the dissociation
of CusTe; in the melt. The presence of this compound in
the melt may beinterpreted as indicating that even more
complex tellurides are present in the solid phase [1].

Thethermal dissociation of CusTe;islikely to occur
according to the scheme

CusTe;== 2CuTe+ 3Cu+ Te. 2)

The Te activities calculated for process (2) and Te
contents from 32 to 38 at. % agree well with the exper-
imentally determined values[21, 22]. Nevertheless, itis
desirable to redetermine the heat of melting of Cu,Te.

Cu,_,Te has a rather broad homogeneity range
(Figs. 1, 2). According to Blachnik et al. [13], at 400 K
it exists between 33.5 and 36.2 at. % Te. With increas-
ing temperature, the extent of the homogeneity range
dlightly increases. According to Glazov et al. [20], the
homogeneity range of this phase at 473 K is 33.3—
375a. % Te.

Near the melting point, the homogeneity range of
Cu, ,Te includes the stoichiometric composition
Cu,Te [14]. At the same time, stoichiometric samples
quenched from 50 K below the melting point contain
needlelike Cu precipitates. Therefore, the location of
the Cu-rich phase boundary of Cu, _,Te at the composi-
tion Cu,Teis questionable.

Comparison of the Cu-rich phase boundary of
Cu, _,Te in Fig. 1 with the data obtained in [20] leads
us to assume that, above the eutectic temperature
(1323 K), thisboundary has aretrograde character. The
partial phase diagram displayed in Fig. 2 indicates that,
below =700-800 K, the Cu-rich phase boundary is
shifted from Cu,Te to more Te-rich compositions by
about 0.2 at. %.

Below =720 K, the Cu-rich phase boundary of
Cu,_,Teliesat 33.3-33.7 a. % Te. Dataon the Te-rich
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phase boundary are less accurate, and its shape can be
judged from Fig. 1.

The Cu,Te phase region has arather complex shape.
First, this compound exists in five different polymor-
phs: A—E [1-3, 9, 12]. Second, in the range 290-590 K,
it participates in a number of peritectoid and eutectoid
reactions, leading to the formation of the F, H, and |
phases, which are only stable at elevated temperatures,
and the G, J, K, and N phases, which exist at room tem-
perature in single-phase form or in equilibrium with
other phases (Fig. 2) [2, 13].

A similar single-phase region was reported for
Cu, _,S [23]. At the same time, Cu, _,Se existsin only
two polymorphs [24]. The systematic variation in the

number of polymorphs and the configuration of the sin-
gle-phase region of Cu,_,X in going from Sto Se and
to Te provides clear evidence of secondary periodicity
in the copper chalcogenide series.

The DTA, DSC, and XRD dataobtained in[13] and
the DTA and coulometric titration data obtained in [25]
were used to construct a partial phase diagram near
Cu, _,Te between 373 and 680 K (Fig. 2). The results
of those studies are in perfect agreement. Moreover,
the DTA data obtained in [25] agree with other results
[13, 26].

The low-temperature boundary of A-Cu,Te is the
solidus line p,0, (Figs. 1, 2). The narrow two-phase
INORGANIC MATERIALS  Vol. 39
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region p,0,0 separates the A and B forms of Cu,Te.
These boundaries werelocated using, for the most part,
datafrom [13, 26]. B-Cu,Te existsin asmall triangular
region (Fig. 2). This phase has the largest extent, from
34.0t0 35.9 at. % Te, between 630 and 635 K. Thetwo-
phase region B + C is vanishingly narrow [13, 25]. The
phase field of the lower temperature phase C-Cu,Te is
bounded by lines of three-phase equilibria involving
D-Cu,Te and E-Cu,Te a more Cu-rich composition
and the F and H phases at more Te-rich compositions.
On cooling, the last two phases transform into the low-
temperature phases G, J, and K (Figs. 2, 3).

Thus, the homogeneity range, as broad as =3 at. %
for A-Cu,Te, becomes markedly narrower in going to
B-Cu,Te and C-Cu,Te and becomes very narrow as
these phases transform into D-Cu,Te and E-Cu,Te at
550-573 K.

D-Cu,Te exists in a triangular region (Fig. 2)
between 33.7-34.05 and 33.75 at. % Te. The last value
corresponds to the formula Cu, gsTe. The transforma-
tion (Cu) + C == E isof aperitectoid type[2, 3].

The low-temperature phase E-Cu,Te hasavery nar-
row homogeneity range, from 33.49 to 33.64 at. % Cu
(Fig. 2). Itscompositioniscloseto Cu, ggTe. This phase
forms by the peritectoid reaction (Cu) + D — E. The
transformation temperature, 548 + 3 K, was determined
accurately in [13, 26] by studying the corresponding
region of the T—x phase diagram (Fig. 2). This value
agrees well with the =550 K recommended in [1]. The
E-Cu,Te phase field is located only tentatively.

The mutua transformations of the D, F, and H
phasesarewell seenin Fig. 2. The F and G phases seem
to be different polymorphs of the same compound since
they are close in composition to Cu,;, ,Te;.

The H phase (Cuy . ,Tes) is closely related to three
other phases. | (=CuqyTes), J (Cug.,Tes), and K. The
composition of the last phase is Cu;Te,. The J and K
phases form eutectoidally from the | phase.

The compound Cu,Te; (42.9 at. % Te) was men-
tioned in [8-11] and later in [27]. It was reported to
exist in two polymorphs. In later studies [28-30], the
composition of the phase intermediate between
Cu, _,Te and CuTe was assumed to be Cu; _,Te, (40.5—
40.8 at. % Te). Their resultswere confirmed in [13] and
were cited in [1-3].

The homogeneity range and phase transformations
of Cu;_,Te, were considered in [1], but only the data
obtained in [13] were cited. Here, we consider this
phase in greater detail.

In Okamoto’s notation [1], Cu,_,Te, existsin four
phase fields: N, M, L', and L (Fig. 4). Note that equili-
bration in the composition range near Cu;_,Te,
requires along time. For example, according to Blach-
nik et al. [13] a composition corresponding to the L'
phase could not be brought to equilibrium by annealing
at 770K for aslong as 6 months: XRD analysis showed
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that the sample consisted of Cu,_,Te,, Cu,_,Te, and
CuTe.

The N phase region extends from 40.0 to 41.5 at. %
Te[1, 13]. According to Stevels[29], the N phase exists
in a somewhat broader range, from 40.0 to 42.2 at. %
Te (<663 K), while Misota et al. [28] reported a nar-
rower range, from 40.8 to 41.5 at. % Te (473 K). Since
the results reported in [13] were obtained later than
thosein [28, 29], preference should be given to the data
in [2, 13]. Above 653 K, the N phase is unstable and
transforms in the L' and M phases (see section Three-
phase equilibria for more details).

The homogeneity range of the M phaseis no broader
than =1 at. % [1]. At 673 K, this phase exists between
41.15 and 41.8 at. % Te [13]. According to coulometric
studies [31], the M phase region extends from 41.14 to
41.48 at. % Te. Thus, the data obtained in [13, 31] are
in perfect agreement.

The M phase melts incongruently above 929 K [1,
13]. No M + L' or M + L two-phase regions were
reported in [1, 2, 13]. It is not yet clear whether thisis
due to the structural similarity between the phases
involved or the vanishingly small width of thefieldsin
guestion.

The low-temperature boundary of the L' phase is
determined by two three-phase equilibria: L' = N+ M
(643K) and A + L' == N (653 K) [1, 13]. The largest
width of the L' phase field near the equilibrium L =—
L'is3 at. % [1, 13]. The temperature of the L =— L'
transformation is920 + 4 K according to Blachnik et al.
[13] and 918 K according to Okamoto [1]. This trans-
formation was al so reported to occur at 903[12, 27, 29]
or 898-908 K [9]. We give preference to the value rec-
ommended in [1]. Notethat no L + L' two-phase region



544 PASHINKIN, FEDOROV
T,K
:’ / M+L,
700 - ! G 698 +5 i
L £5
A I’ M
1 M + CuTe
1
my m3 my I’ m m
B 031 44N N N 653 N + CuTe
s A N e
618 £5 \ 623
600 i
\
\ H+N,
H
e
Ly
N’f{l 543 2
N, N, + CuTe
: H+K
Kl
500 - :
: K+N,
1
1
|
o
1
|
e
. 423+ 15
| K +N;, N N5 + CuTe
400 L | | | 3 | | |
36 37 38 39 40 41 42 43 44 45
a. % Te

Fig. 4. Partial T-x phase diagram of the Cu—Te system in the range 400720 K at Te contents from 36 to 45 at. %. Detailed phase
equilibriain the circled region are displayed in Fig. 5. The C + N field is not indicated (see Fig. 5).

was detected in phase-diagram studies. The high-tem-
perature phase L was reported to melt incongruently at
1075 £ 11 [13] or 1083 K [1]. The latter value appears
more reliable.

The phase transformations of Cu;_,Te, below 643—
653 K (field N) are the most difficult to analyze. These
transformations were found in [12, 13, 27, 29, 32] but
were not discussed in [3]. Here, we indicate the temper-
atures and heats of these transformations. The crystal
chemistry of the phases involved will be considered
below.

Figure 5 showsthe partial phase diagram of the Cu—
Te system near the N phase, constructed with allowance
for the recommendations in [1]. The polymorphic
transformations of these phase are shown schematically
because the information available in the literature is
insufficient for identifying their nature. Three polymor-
phic transformations of the N phase were identified
with certainty, those at 423 + 15, 623 + 2 [13, 27-29],
and 638 K [28, 29].

The temperature of the N; == N, transformation
(Fig. 4), identified in [28, 29, 32], is worthy of special

mention. Stevels [29] interpreted the disappearance of
superlattice reflections at 413 K (41.4 at. % Te) as evi-
dence of a second-order phase transition. According to
DTA data[28], thistransition occurs at =400 K, as evi-
denced by a weak, broad peak. Burmeister [32]
observed an endothermic event at 423 K (Cu;_,Te, +
CuTetwo-phase region). The average of theseresultsis
423 £ 15 K.

Not al thermal events corresponding to this region
of the T-x phase diagram (Fig. 4) can be interpreted
unambiguously. For example, according to Anderko
and Schubert [12], the heating curve of a sample con-
taining 42.8 at. % Te (N + CuTefield) showed an endot-
herm at 638 K, that is, intermediate in temperature
between the equilibriaN == M + L' and N == N,
(Fig. 4). Most likely, the endotherm results from the
overlap of the two transformations. The events
observed at 613 [27] and 573 K [32] (42.8 a. % Te) are
also difficult to interpret.

The heats of a number of transformations were
determined by DTA and DSC. For example, the thermal
effect of thereaction L' + M = Nis27.2 kJmol [32].

INORGANIC MATERIALS  Vol. 39
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The thermal effect of the N = N, phase transforma-
tion (633 K) is 25.1 kJmol. Data for the N, == N,
transformation (623 K) are contradictory: the heat of
this transition is 4.2 kJ/mol according to Stevels [29]
and 13 kJmol according to Sharma and Selekna [27].
We believe that the former result is morereliable.

Blachnik et al. [13] call attention to the compl exity of
phase equilibria in the composition region in question
and cite the report by Colaitis et al. [33], who identified
complex structures of Cu,_,Te,, including shear struc-
tures and polytypes, using electron diffraction and elec-
tron microscopy. These structures, however, were not
correlated with the phase relations in the Cu-Te system.

Copper monotdluride, CuTe, was first identified by
emf measurements [6, 7] and later by XRD and micro-
structural analysis [12]. CuTe melts incongruently by
the reaction CuTe — M + L, [13] (Table 2).

The recommendations in [1] coincide with the
results obtained in [13]. We take the incongruent melt-
ing temperature of CuTe reported in [13]: 698 £ 5 K.

Copper ditelluride, Cu,Te, has the pyrite structure.
At 6.5 GPq, its temperature stability range is 373—
1473 K [1, 34]. At 3.3 GPa, Cu,Teforms at 773 K by
the reaction [34]

2Cu,Te — CuTe, + 3Cu. A3)

At atmospheric pressure, copper ditelluride is
unstable.

Cu- AND Te-BASED SOLID SOLUTIONS

Smart and Smith [35] determined the limit of the
Cu-based solid solution from electrical conductivity
measurements in the range 873-1073 K. Their data
were used to derive the equation of the solvus line for
the solubility of A-Cu,Te in Cu from 873 to 1073 K.
The lower temperature is very close to the temperature
of the A = B transformation of Cu,Te. The solubility
of Cu,Tein Cu rises with temperature according to the
equation

logx = —7372/T + 2.43, @)

where x isthe mole fraction of Cu,Te dissolved in solid
copper.

From this equation, the heat of solution of Cu,Tein
Cuis 141 £ 3 kJmoal.

According to Eborall [36], the Cu,Te solubility in
Cu at 1073 K is much lower than 0.02 at. %. This esti-
mate is consistent with the results obtained in [35] but
is only tentative because the copper used in [36] con-
tained 0.03 at. % P.

Data on CuTe solubility in solid Te are missing.

THREE-PHASE EQUILIBRIA

Many of the three-phase, invariant equilibriain the
Cu-Te system are clear from the above discussion and
INORGANIC MATERIALS  Vol. 39
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the data presented in Figs. 1-4. Sincethe Cu-Te system
has been studied for almost 100 years, there are some
contradictions in the reported results, which led us to
evaluate the three-phase equilibria in this system. For
this purpose, it is convenient to represent available data
intheform of tables, aswasdonein[1], whereall three-
phase equilibria were summarized in one table with
brief comments. In our opinion, it ismore convenient to
display three-phase equilibriain two tables, one corre-
sponding to Fig. 1 (entire T-x phase diagram of the
Cu-Te system) (Table 3), and the other corresponding
to Figs. 24 (finer detals of the phase diagram)
(Table 4).

Tables 3 and 4 are based on the results reported in
[13, 28] and recommendationsin[1]. Alsoindicated are
studies confirming the data from [1, 13, 28]. Some of
the data presented in [28], mainly those obtained below
440 K, are not included in Table 4, because the equilib-
rium state was hardly reached at these low tempera
tures.

T—x phase diagram of the Cu-Te system. Detailed
analysis of the three-phase equilibriain the copper—tel-

Table 2. Reported temperatures of the reaction CuTe —
M+ L,

T, K Reference T,K Reference
640 [9] 689+ 5 [13]
638 [12] 698* [1]
613 [29]

* Our recommendation.
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Table 3. Three-phase equilibria in the Cu—Te system (Fig. 1)

Equilibrium Te content of the phases involved, at. % T,K of eqTJ%ll?t?rium Reference
L,=—L;+A 29 5 333 1365+ 15 Monotectic [1-3, 13]
L= (Cu)+A 4.6 =0.07 333 1325+ 10 Eutectic [1-3, 9, 13]
(Cuy+A=—8B 1x1074 333 333 864 + 15 Peritectoid [13]
(Cuy+B=—=C =0 =33.6 =33.6 633+ 7 Peritectoid [2,6,9, 13]
(Cuy+C=—=D =0 =337 33.7 586+ 5 Peritectoid [26,9, 13]
(Cuy+D=—E =0 33.7 335 548 + 15 Peritectoid [2,13]
L,+A=—L 43 36.5 37 1076 £ 12 Peritectoid [2,13]
L,+L=—M 47 41 41 920+ 5 Peritectoid [2,13]
L, + M == CuTe 67 42 50 698 + 3 Peritectoid [2,13]
L, == CuTe+ Te 71 50 0 613+ 3 Eutectic [2,13]
A+L'="N 36.5 40.5 40 653+ 15 Peritectoid [1]*

M == N+ CuTe 41.5 41.5 40 653 Eutectic [1]
* According to Feutelias and Legendre [2], the temperature of this three-phase equilibrium is 633 K.
Table 4. Three-phase equilibriain the Cu-Te system (Figs. 2-4)

Equilibrium Te content of the phasesinvolved, at. % T, K Type of equilibrium Reference
A=—=B+N; 36.5 35.9 40 630+5 Eutectoid [1, 13]
B=——"C+N; 35.95 355 40 625+ 5 Eutectoid [1, 13, 25]
C+N,=—H 35.45 40 36.05 618+ 5 Peritectoid [1, 13, 25]
C+tH=—F 34.8 35.15 35 593+5 Peritectoid [1, 13, 25]
C=—D+F 34.2 34.05 34.4 5735 Eutectoid [1, 13, 25, 26]
D=—E+F 33.75 33.65 314 543+ 7 Eutectoid [1, 11, 13, 29]
H+N,=—K 36.1 40 36.7 543+ 3 Peritectoid [1, 13]
F=—E+G 34.35 33.65 344 43+ 7 Eutectoid [1, 13, 26]
F+J=—0G 34.65 35.25 34.7 450+ 7 Peritectoid [1, 13, 29]
H=—F+J 35.2 34.9 35.25 518+ 5 Eutectoid [2, 3,11, 13, 25]
H+1=—J 35.15 354 35.25 520+ 5 Peritectoid [1,2,13]
H+K=—1I 35.55 35.9 35.85 533+5 Peritectoid [1, 13, 25]
| =—=J+K 35.75 35.6 35.9 493+5 Eutectoid [1, 13, 25]
A, N, N; 36.5 40 40 638 - [28, 29]*
N, N;, CuTe 415 415 50 638 - [28, 29]*
C,N;, N, 355 40 40 623 - [13, 27-29]*
N1, N,, CuTe 415 415 50 623 - [13, 27-29]*
K, No, N3 36.25 40 40 423+ 15 - [28, 29]*
No, N3, CuTe 415 415 50 423+ 15 - [28, 29]*

* Our recommendations; the type of these equilibria cannot be identified with certainty.
INORGANIC MATERIALS Vol. 39 No.6 2003
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lurium system allowed usto map out as complete a T—x
phase diagram as possible (Figs. 1-5). Figure 1 shows
the entire phase diagram, where the arrangement of
large and medium phase fields is well seen. Figures 2—
5 highlight finer details of phase relations. Some of the
two-phase regions are very narrow (Figs. 2, 3).

Note also that the temperature of the N, == N,
polymorphic transformation (623 K) is essentially
identical to the temperature of the equilibrium A =—
B+ M (Figs. 4, 5). For this reason, only the line of this
three-phase equilibrium is shown in Fig. 2.

The three-phase equilibrium L' = N + M [1] is
actually represented by apoint (Fig. 4), as confirmed by
the facts that the composition range of this equilibrium
is no broader than 0.5 at. % and that the location of
point N was indicated in [1] with alarge uncertainty.

The temperature of the A+ L' == N phase transfor-
mation in Table 1 differsfrom that in Fig. 1in[1]. The
temperature given in this work (653 K) is taken from
Table 1 in [3] but is indicated with large error limits
(x15 K).

In constructing the phase diagram, we used the
melting point of copper reported in [37] (1357.65 %
0.5 K) and that of tellurium reported in [38] (722.9 £
0.1 K). The heat of melting of the CuTe-Te eutectic is
9.09 £ 0.14 kJmol [39].

The eutectic and monotectic temperatures in the
partial system Cu—Cu,Te are worthy of special men-
tion. In this review, we rely on the results reported
in[13] and recommendations made in [1]. Note that
the temperatures of these equilibriagivenin[2, 3] coin-
cide with those determined in [13]. In earlier reports,
the separation between the monotectic and eutectic
lines in this region was much smaller: from severa
kelvins [9, 10] to 1 K [36]. The origin of this discrep-
ancy has not been discussed in the literature. It cannot
be ruled out that Blachnik et al. [13] used purer start-
ing chemicals, which raised the melt separation tem-
perature by about 40 K.

CRYSTAL STRUCTURES
OF COPPER TELLURIDES

The crystal structures of intermediate phases in the
Cu-Te system were summarized by Okamoto [1], who
limited his consideration to listing recommended space
groups and homogeneity ranges. He also presented a
large body of data on |attice parameters, without, how-
ever, specifying recommended val ues, pointing out that
later results appear more reliable. The I, L, and L'
phases have not been characterized by XRD. Theinfor-
mation reported in [3] alows one to assess the reliabil-
ity of the reported lattice parameters of intermediate
phases relying on the recommendations made in [40]
and the results obtained in [13]. The lattice parameter ¢
of the C phase reported in [1, 13, 41, 42] differs from
that obtained in [13, 40] by afactor of 3 to 5, pointing
No. 6
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to structural ordering. Superstructures were aso
reported for the K, N,, and N, phases (Table 5).

The reason for the formation of superstructures is
that all of the phasesin the Cu—Te system (A-N) consist
of arigid Te framework and mobile copper ionsin dif-
ferent valence states, Cu(l) or Cu(ll). The arrangement
of the Cu ions depends on the composition of the phase
and thermal history, which may lead to the formation of
a superstructure [29, 41, 42, 45]. Stevels [29] and
Patzak [44] pointed out that the lattice parameters ay,,
and c,., can berelated to a,,,, of the A phase. According

2 25
2 3 a(:ub'

In electron diffraction studies of Cu;_,Te, films
(mainly the N, phase), Colaitis et al. [33] reveded a
large number of superstructures which had a polytype
character, with lattice parameters being multiples of
Qe 1884e, 23844y, 31, aNd 88a,, . These structures,
however, were not correlated with the phaserelationsin
the Cu-Te system near Cu;_,Te,.

For a number of phases, the composition depen-
dences of lattice parameters were reported. The lattice
parameters of the B phase at 650 K were found to fol-
low Vegard's law in the range 33.3-36.1 at. % Te [13],
while the lattice parameters of the N, phase vary non-
linearly with composition [28].

According to Stevels[29], the M phase has a cubic
structure. This, however, was not confirmed in later,
more detailed studies [13]. The structure of this phase
has not yet been identified with certainty.

As is seen from Table 5, the lattice parameters of
one of the superstructures to the C phase coincide with
those of the H phase, which was left out of consider-
ation in [1]. Moreover, the lattice parameters of the H
phase (Table 5) are identical to those of the K phase
[42]. To understand the origin of these coincidences,
additional structura studies must be carried out on
samples prepared by carefully controlled procedures,
followed by long-term annealing and rapid quenching.

to Stevels[29], a,,., = a.,, aNd Gy =

THERMODYNAMIC CHARACTERISTICS
OF COPPER TELLURIDES

Standard heats of formation and standard entropies
were reported only for Cu, _,Te, Cu;_,Te,, and CuTe.
The techniques by which they were determined and the
reliability of the data will be considered below. Note
that the heat of formation of Cu,_,Te was determined
by several methods, including tin calorimetry at 700 K
[46, 47]. To calculate the standard heat of formation of
this phase, one should know the heat capacity of cop-
per, tellurium, and copper telluride because Cu, _,Te
existsin alarge number of polymorphs.

Heat capacity of copper tellurides. Heat capacity
data are available only for Cu,_,Te and CuTe. Low-
temperature heat capacity measurements were carried
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Table 5. Structures of intermediate phases in the Cu-Te system

L attice parameters, A
Phase | at. % Te | T,K | Structure | Sp. gr. Ref. Note
a b C
Cu,_,Te
A 36.3 298 | Cubic Fd3m 6.03 - - [1,13]
B 333 298 | Hex. P6/mmm 4.246 - 7.289 [1,40] |Cu,Te weissite
C 333 298 | Hex. - 8.37 - 21.60 [41, 42
C 35.0 298 | Hex. - 8.53 - 36.03 [1,13]
D 34.0 573 | Orthorh. - 4.227 7.403 7.290 [1,29]
E 33.7 298 | Orthorh. - 7.319 22.236 36.458 [1, 40]
Phases resulting from decomposition of the C and D phases
F 34.0 293 | Orthorh. - 7.189 4.187 7.207 [1,29]
G 34.75 | 298 | Orthorh. - 10.136 10.306 4234 |[1,13,40]
H 36.0 | 298 | Hex. P3m1 8.453 - 21.793  |[1, 13, 40]
J 35.3 298 | Hex. - 8.373 - 10.877 [1,13]
K 36.05 | 298 | Hex. P3m1 8.328 - 7.219 [1,13]
K 36.2 298 | Hex. - 4.17+0.02 - 21.69+0.01| [41]
P> 35.9 298 | Monocl. - 8.73 14.000 7.199 [13,29] |B=90°20
Cuz_xTe,
N, 41.15 | 623 | Hex. - 20.23 - 41.19 [29, 40]
N, 40.15 | 523 | Tetr. P4/nmm 4.034 - 6.107 [29, 43, |Cu,Sh,
44] rickardite
N, 41.4 445 | Tetr. - 3.99 - 12.246 [28]
N 41.2 293 | Orthorh. - 4.0032 + 0.014{19.893 + 0.007|12.220 + 0.04{  [28]
N, 40.8 293 | Orthorh. | Pmmm 3.991 3.965 12.220 [40]
N 40.8 298 | Orthorh. - 3.991 3.965 6.108 [29] Cu,Sh**
Other phases
CuTe | 50.0 298 | Orthorh. | Pmmm 3.10 4.02 6.86 [1,40] |Vulcanite
CuTe,| 66.7 298 | Cubic Pa3 6.600 - - [28] Pyrite***

* Metastable phase.
** Partially ordered rickardite.
*** Can be prepared only at elevated pressures.

out only for Cu,Te [48] and only at 80 K: C, = 31.1 £
2.5 J(mal K). Those measurements were performed
with alow-temperature adiabatic cal orimeter by a heat-
pulse technique. The sample was prepared from high-
purity copper and tellurium, but it is not clear whether
its homogeneity was sufficiently high.

Given that Cu,_,Te exists in four polymorphs and
that its homogeneity range becomes markedly narrower
with decreasing temperature, Cu, _,Te samplesfor heat

capacity measurements must be prepared very care-
fully, and the phase composition of the sample must be
checked at each temperature. These points will receive
special attention in analyzing heat capacity results.

The heat capacity of Cu,Te above 298.15 K was
measured in[19, 49, 50] (Fig. 6). In those studies, sam-
ples were prepared from semiconductor-grade tellu-
rium; semiconductor-grade copper was also used in
[19, 49]. Mills and Richardson [50] used 99.9%-pure
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Fig. 6. Temperature-dependent hest capacity and phase transitions of Cu,Te between 300 and 1300 K (the arrows indicate the tran-
sition temperatures): (1) [49], (2) [19], (3) [50], (4) our recommendations.

copper. Before preparing mixtures, copper was reduced
in hydrogen to remove the surface oxide layer. The
samples had stoichiometric compositions. Kub-
aschewski and Nolting [49] gave no exact details of
their preparation procedure. The proceduresin [19, 50]
were very similar. The sampleswere heated stepwise to
20-35 K above the melting point of Cu,Te. Mills and
Richardson [50] held the solidified sample at 800 K for
3 days and then cooled it to room temperature over a
period of 4 days. The preparation details were
described in [51]. Blachnik and Gunia [19] annealed
the sample for 3 weeks. The homogeneity of the sam-
ples was checked by microstructural examination or
XRD [50, 51].

It follows from the heat capacity data obtained in
[19, 49, 50] that the Cu,Te samples were mixed-phase.

1. The three samples underwent a phase transition
inconsistent with the equilibrium T—x phase diagram
(Fig. 1). The parameters of that phase transition are
listed in Table 6. The transition temperaturesin Table 6
provide conclusive evidence that all of the samples
were two-phase and contained the G phase below
443 K and the F phase above 443 K. It followsfrom the
A, H datain Table 6 that the sample studied in [49] con-
tained the smallest amount of the G phase at room tem-
perature. Stoichiometric Cu,Te (33.33 at. % Te) at
298 K would consist of (Cu) and the E phase, and no
F = E + G three-phase would be detected (Fig. 2).

2. Deviations from stoichiometry can be assessed
from the temperature of the A == B transformation. In
the (Cu) + B = A two-phase region, the transition
temperatureisconstant at 864 + 15 K (Fig. 1). Thetem-
perature of the A = B transformation determined in
the studies in question was 841 [49], 835 [19], and
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750 K [50]. The reason for this discrepancy is that,
within the homogeneity range of Cu,_,Te, the reduc-
tion in transition temperature depends on composition
(Fig. 2). The above temperatures of the A = B trans-
formation indicate that the sample studied in [49] con-
tained the smallest amount of excess tellurium. The
sample studied in [19] was dightly more Te-rich, and
the sample prepared in [50] contained the largest
amount of excess Te (=0.9 at. %). These conclusions
correlate well with the above assessment of the quality
of the samples studied in [19, 49] form the heat of the
F =— E + G transformation (Table 6).

3. A noteworthy feature is that the temperatures of
the three-phase equilibria (Cu) + D == Eand D =—
E + F differ little (Fig. 2).

These observations lead us to turn to the transition
temperatures determined calorimetrically: 531 K in
[19, 49] and 526 K in [50]. Given that the samples stud-
iedin[19, 49] contained less excesstellurium, the value
T, = 531 K appears more reliable. Supposing that
531 K is the temperature of the E == D phase transi-
tion and taking the lower limits of the temperatures of

Table 6. “Additiona” phase transition E == E' of Cu,Te

Ty, K AyH, kI/mol Reference
433 0.71+0.11 [19]
433 0.22+0.13 [49]
440 0.5 [50]

443+7 - (2,3, 21]
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Table 7. Three-phase equilibria[1] corresponding to the A—E polymorphic transformations of Cu,Te [19, 49, 50] and heats

of phase transformations

AH, AGH,
LQL ?ﬁﬁ] Srsf Tk |Presstansiion Te, K | BgH kImol | Ty, K[ 300 | T K| g
[19] [49] [50]
(Cuy+D=—E 548 + 15 E==D | 531 |1575+0.205| 531 [1.90+0.05 526 0.5(?)
(Cu)+C==D 586 + 5 D==C | 590 |0.656+0285| 590 [0.97+0.02 600 05
(Cuy+B==C 633+ 7 C==B | 635 | 2.81+0.36 635 [2.45+0.10, 625 2.6
(Cuy+A==B 864 + 15 B==A | 835 [1415+0575| 841+6 [2.00+0.05 750(?) 2.00

the above three-phase transformations (Tables 3, 4), we
obtain

E=—D
531+ 1K [49]

(Cu)+D=—=E
533K

D=—E+F
536 K

The first two temperatures are essentially identical.
It seemslikely that, because of the large deviation from
stoichiometry in their sample, Mills and Richardson
[50] observed a combined phase transition related to
the two three-phase equilibria E == D and (Cu) +
D =—E, instead of the (Cu) + D == E phasetransition
or the three-phase equilibrium D = E + F, since the
peak intheir DSC curve was rather broad and shifted to
lower temperatures. Thus, the transition temperatures
reported in [49, 50] and the minimum temperature of
the three-phase equilibrium (Cu) + D = E are essen-
tialy identical.

All of the above confirms that the heats of phase
transitions determined in [49] for stoichiometric Cu,Te
are the most accurate. Table 7 compares the tempera-
tures of the three-phase equilibria under consideration
with the transition temperatures and lists the corre-
sponding values of A, H [19, 49, 50].

In the studies in question, A,H was determined by
different methods: drop calorimetry in [19], continu-
ous-heating adiabatic calorimetry in [49], and DSC in
[50]. Note that, in the heat capacity measurements in
[49], essentially identical results were obtained during
cooling at a rate under 0.5 K/min and during heating.
The fact that the methods used in [49, 50] were
dynamic makes it difficult to give preference to one of
the two C, data sets near the phase transition because,
in both studies, the phase transition appeared as a peak
similar to a peak in the DTA curve, which is superim-
posed over the Cy(T) curve. The heat capacity data
reported for Cu,Te were compared in [19] graphically
(see Fig. 6). Also shown in Fig. 6 are the temperature
stability ranges of the A, B, C, D, and E phases[9, 13].

It is of interest to compare the temperatures of the
polymorphic transformations C =— D, B = C, and
A == B determined calorimetrically with the tempera-
tures of the corresponding three-phase equilibria

(Table 7). In so doing, allowance should be made that
the Te-rich boundaries of the equilibria(Cu) + C=D
and (Cu) + B == C are shifted to higher Te contents by
0.35-0.4 at. %.

Analysis of the datain Table 7 indicates that most of
the results reported in [50] must be excluded from con-
sideration. The B = C transformation [49, 50] is the
easiest to characterize because its temperature essen-
tially coincides with the temperature of the three-phase
equilibrium (Cu) + B = C. In addition, the transition
temperature of 590 K [19, 49] coincides to within the
experimental error with the temperature of the three-
phase equilibrium (Cu) + C = D. In view of this, we
give preference to the temperatures of these transfor-
mations reported in [19, 49]. The Te-rich boundary of
the three-phase equilibrium (Cu) + A = B lies at the
stoichiometric composition Cu,Te, and the temperature
of this equilibrium is 864 + 15 K (Table 3, Fig. 1). At
the same time, the temperature of the A = B transfor-
mation depends on composition within the homogene-
ity range of Cu, _,Te. For this reason, the temperature
of the A = B transformation of Cu,Te must be taken
to equal the temperature of this three-phase equilib-
rium, i.e., 864 K, since al of the samples used in the
calorimetric studies in question contained an excess of
tellurium.

We note finally that the composition stability limits
of the E phase are determined only approximately, and

Table8. Coefficients of the best fit equations of Cy(T) for
Cu,Te polymorphs between 298.15 and 1300 K

Co=a+hbT
Polymorph AT, K

a b
E 298.15-531 56.995 0.0645
D 531-590 —65.750 0.324
C 590-635 1316+ 1.0 -
B 635-864 106.088 —-0.0129
A 864-1300 112.87 —0.0236
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Table 9. Standard heat of formation of E-Cu,Te determined
by thermochemical methods

Method ~AHeg . k¥mol | Ref.
Dissolution in Br, + H,O 46 [52]*
Tin calorimetry 46.55 + 0.63 [47]
Tin calorimetry 45.66 [46]

* Since the results obtained by Fabre [52] were published in 1888,
here we give the val ue based on the currently available dataon the
constituent elements [39].

it cannot be ruled out that these limits are actually
closer to the stoichiometric composition Cu,Te than is
shown in the T—x phase diagram of the Cu—Te system
(Fig. 1).

Figure 6 clearly demonstrates that C, is a linear
function of temperature for all the phases except C,
whose heat capacity is temperature-independent. The
decrease in heat capacity with increasing temperature
was interpreted by Kubaschewski and Nolting [49] as
due to structural disordering.

The best fit equations of C,(T) are given in Table 8.

The heat capacity of CuTe was determined in [50]
by DSC in the range 266-605 K. The sample was pre-
pared by annealing an elemental mixture at 500 K for
2 monthsin atube sealed-off under vacuum.

Using the Sigma-Plot program, the results obtained
in [50] were represented by the best fit equation (298—
600 K)

C,(T) = 74.101-0.125T +2.00x 10°*T*.  (5)

Heat of formation of Cu,Te: Thermochemical
method. Of the many copper tellurides, the standard
heat of formation was determined thermochemically
for E-Cu,Te only. More than 120 years ago, Fabre [52]
synthesized crystalline Cu,Tein an isothermal calorim-
eter and then oxidized it by bromine. His results were
revaluated in [39] and are given in Table 9 together with
tin calorimetry data [46, 47]. To reduce the resultsto a
standard temperature (dissolution was conducted at
700 K), the heat capacity of copper was taken from [53],
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and that of tellurium from [54]. For copper telluride, we
used the present results. Note that the data obtained
in[47, 52] agree well (Table 9).

Evaluation of thethermodynamic characteristics
of copper tellurides from emf measurements. The
thermodynamic characteristics (standard heat of forma-
tion and standard entropy) of Cu,Te, Cu;Te,, and CuTe
can be extracted from emf measurements.

Such studies were carried out at the Institute of
Physics, AzSSR Academy of Sciences [55, 56], and at
the Laboratory of Chemical Thermodynamics, Faculty
of Chemistry, Moscow State University [57, 58]. The
results obtained by Abbasov et al. were described in
grater detail in [55]. Using liquid glycerol electrolyte,
they studied transport of Cu* dissolved in the electro-
lyte in a bromide form together with KBr in order to
raise solubility. As electrodes, they used Cu, Te, or cop-

per tellurides. The AsH%s and A; S calculated for the
formation of copper telluridesfrom Cuand Tearelisted

in Table 10. The calculated A;Sy, and reference data
from [37, 38] were used to evaluate Sy (Table 10).

Gerasimov et al. [57, 58] measured emf by a high-
speed method, using an agueous CuCl, solution as an
electrolyte and Cu|CuCl,ag|Cu,Te, _, €electrochemical
cells. The electrode process was shown to be due to Cu*
transport. M easurements were made in the temperature
range 293-353 K, which is half as broad as that in [55]
(300420 K). Accordingly, the errors in emf measure-

ments, ArH , and A Saee Were larger than thosein [55,
56]. Clearly, the data obtained in [55] are morereliable.
Note that, in al studies, the composition of Cu,Te, _,
samples was Cu,Te;. Since the potential-forming reac-
tionwas Cu®—e — Cut, and the actual electrode com-
position was Cu;Te, + CuTe or Cu,Te + Cu,;Te,, the
results of emf measurements and AG, AH, and AS cal-
culations can be used to evaluate the thermodynamic
characteristics of CugTe,. Remarkably, the XRD stud-
ies of copper tellurides reported by Shifizade [59]
revealed the formation of Cu;Te, + CuTe two-phase
samples, while Cu,Te, was not detected.

Table 10. Standard heats of formation and standard entropies of copper tellurides evaluated from emf data

—AtHoeg . KIMOI | Sheg , J(Mol K)| Sheg , J(Mol K) | —A¢Hgg , KIMO |A¢ Shog , J(Mol K)| Sheg » J(mol K)
Compound
[55] [57, 58]
CuTe 236+ 3.0 2.80+0.84 855+2.3 232+29 6.2+93 88.8+9.3
CusTe, 76.6+5.4 ~1159+090 | 186.9+27 75.7 + 1.04 598+371 | 1925+37
E-Cu,Te 451+29 481+084 | 1206+23 448+25 7.75+14.8 | 1236+ 149
INORGANIC MATERIALS Vol. 39 No. 6 2003
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Phase | T,K | C,, J(MolK) | HO— Hdq, Imol |- S, J(mol K)| SV, J(mol K) @7, J(mol K)
E 298 76.22 0 0 1206+23 1206+23
400 82.80 8098 233 144 124
500 89.24 16700 425 163 130
531 91.24 19498 48.0 169 132
D 531 106.30 21398 516 172 132
590 125.41 28233 63.79 184 136
C 590 131.60 29203 65.4 186 136
635 131.60 35125 75.07 19 140
B 635 97.90 37575 788 199 140
700 97.06 43911 88.3 209 146
800 95.77 53552 101.2 222 155
864 94.94 59655 1085 229 160
A 864 83.21 61655 1108 231 160
900 82.28 64634 114.2 235 163
1000 79.70 72733 126.2 247 174
1100 77.12 80574 130.4 251 177
1200 74.54 88157 136.7 257 184
1300 71.96 95482 142.8 263 190

The evaluation of the thermodynamic characteris-
tics of Cu,Te was based on the potential-forming reac-
tion

1/2Cu + 1/2Cu;Te, == Cu,Te. (6)

In the phase diagram, Cu,Te and Cu,Te, are sepa
rated by the intermediate phases G, J, and K (Fig. 2),
which are left out of consideration in calculating the
thermodynamic characteristics of Cu,Te. Nevertheless,
the standard heat of formation cal culated from emf data
(Table 10) agrees well with the heat of formation of
Cu,Te evaluated by thermochemical methods (Table 9).
It seems likely that the energy contribution of the G, J,
and K phases to the equilibria in question is rather
small.

Thermodynamic characteristics of Cu,Te and
CuTe. The thermodynamic properties of Cu,Te poly-
morphs (E-A) evaluated from heat capacity data
(Tables 7, 8, 10) are summarized in Table 11.

CONCLUSIONS
We analyzed the T—x phase diagram of the Cu-Te
system; heat capacity data for Cu,Te and CuTe; calori-
metrically determined heats of formation of Cu,Te and
CuTe; and heats of formation and standard entropies of

Cu,Te, Cu;Te,, and CuTe evaluated from emf measure-
ments. However, this review is not comprehensive.

First, we did not consider data on the dissociation
pressures of copper tellurides. Although this issue was
addressed in a number of publications [51, 60, 61, 62],
further research is needed because Te vapor has a com-
plex composition [38, 50, 54, 63].

Second, there is great interest in mapping out the
p—T phase diagram of the Cu-Te system using the cur-
rently available T—x phase-diagram data. Some head-
way has already been made on this problem [64—66].
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