The Cu-Se (Copper-Selenium) System
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By D.J. Chakrabarti and D. E. taughlin
Carnegie-Melion University

Equilibrium Diagram

T he equilibrium phases at one atmosphere digplayed in
“ig. 1 ave (1) the liquid, L, that manifests two mis-
cibility gaps, namely {a) at copper-rich compositions,
between the liquids Ly'and L, above 1100°C, and (b} at
selenium-rich compositions, between the liquids L, and
Ly above 523 °C; .62) the face-centered. cubic terminal
sulid solution based on Cu; with Testricted solubility of

5¢ amounting to 0.009 at.% at 900 °C; (3)the rhom-
bohedral terminal solid solution based on Se with pre-
sumnably negligible solubility of Cu: (4) the monoclinic
Cu,8e compound (aCu.Sel, stable up. to 123, 15 °C;
A1 the face-centered cubic high-temperature mod-
wtion of Cu,Se (BCu, ,Se, stable between 123 + 15
and 1130.°C at stoichiometry (x = 0) and with a broad
Romogencity range extended on the Se side lo form a
defeet (ompound tsee Fig. 6) the tetragonal s
chiometric compound CusSe., stable up to 1127
t7-the hexagonal stoichiometric compound CuSe
21, stable up to 51 °C: (4 the orthorhombic
i dnr)n of the CuSc compound (BCuSe), stible
between 31 and 120 °C; (9) the hexagonal high-
Lure: modmcatmn of ‘the -Cu-Se compound
le between 120 and 377 °C; and (101 the
n:’lhm’?omhw stoichiometrie compound CuSe., stable
Nt 332 0.

he chalcogenides exhibit various properties that
are of considerable theoretical and prac im-

portinee. The study of chialeogenides, in particular, of
the [l morals, has heen of considerable intercst. The
wide varicty nr‘nmpuw munifested by these classes of
materials is evident in the Cu-Sesystem, where one

of the compounds, cuprous selenide eontaining excess
Se, Cus..Se, is a p-type extrinsic semiconductor, and
the dichalcogenide, CuSes, is a-superconductor at
low temperatures,

At least three of the compounds in the Cu-Se system
oceur as minerals in pature and have been the object of
study in different disciplines. These are the minerals
berzelianite, Cu...Se, umangite, Cu;Se,, and klock-
mannite; «CuSe. The fourth naturally occurring mi;
eral, athabaskite (CusSe,), has so far eluded synthes
in the laboratory and does not apparently exist as an
equilibrium phase in this system.

Earlier work covering the copper side of the diagram at
high temperature is reviewed by [Hansen]. Subsequent
to this, extensive studies have been carrvied out by
Heyding {1] and by Murray and Heyding [2]-extending
from 27.to 70 at.% Se as a function of temperature to
880 “C and pressure to 50 kbar, using differential ther-
mal analysis (DTA) .and both room. temperature and
high temperature X-ray diffraction. methods, Studies
over a wide range of temperature and. composition,
using DTA, X-ray, microscopy and microhardness téch:
niques, were also carried-out by Babitsyna et al. [3].
Furthermore, phase boundary delerminations in the
solid state by DFA and in the liquid state by isothermal
holding of the melt under inert gas were carried-out
by Bernardini et «l. (4, 5] und by Burylev ef al.
{6]; respectively. Tlomogcneity range for aportion of
the diagram below room temperature was determined
by Ogorelec ef «l. }7] by means of electrical conduc-
tivity measurement.

There is qualitutive agreemeént among these works ex-
cept for the occurrence of the compound CuSe., which
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Fig: 1~ Cu-Se Phase Diagram
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was missed by (3] The invariant temperaturés re-
ported; however, are in'disagreement ini some instances
among the above studies, and alse with the deler-
minations by various other authors to be reported
subsequently. Except for the monotectic temperature
at 1100 "C and the congruent temperature at 1130 °C
from [3]; -and the eutcctic- temperature at 1063 °C
from [Hansen], all other invariant témperatures are
accepted from [2] for drawing the phase diagram, in
view of the reported precision in measurements and
better. consisteney with .other published works. The
temperatures reported by [2] are often lower than the
other reported values.

The provisionally evaluated. equilibrium. phase dia-
gram for the Cu-Se system under one atmosphére is
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presented in Fig, 1. The homogeneity range of BCus_.Se
at roomn temperature is shown in Fig. 2; an enlarged
portion of the Cu, ,Se phase boundaries-is shown in
Fig. 3. An -outline of the equilibrium diagram at
20 kbar is presented in Fig. 4, after [2]. The accepted
invariant temperatures, the coexisting-phases and
their equilibrium compositions are presented in Table 1.

Solidus and Liquidus

The system is characterized by two . large regions of
liquid immiscibility ‘whose boundaries are.not well
defined. The houndaries for-the high termperature mis-
cibility gap at the copper end; between the liquids
Ly and Ly, were determined by [6]by isothermal holding
of thie melt under argon followed.by rapid. quenching
and subsequent chemical analysis of the solidified
sections. These data, plotted in Fig. 1, suggest a high
critical temperature, in-excess of 1500 °C.

The ‘monotectic temperature at 1100 °C: determined
by (3], by thermal anulysis on-alloys 'made from high
putity materials, is accepted. The. only. other quoted
valueis 1107 °C given by [Hansen], which is an'average.
between 1104 and 1109 °C reported from very early
works. The only available data on the entectic tempera-
ture and composition come from {Hansen]. Assaming a
negligible solubility of Se in Cu at the eutectic tempera-
ture at 1063 °C. and applying the Clausius/Clapeyron
approximation, the reported eutéetic composition-is
within' 0.1 at.% of the calculated value. Thus;: the
composition-temperature data appesr. to be self-
consistent and are accepted as such. The' congruent
melting point of Cu,$ is reported to be, 1180 °C by [3],
1148 £ 5 °C by (8] and 1113 °C by [9]. The tesult from -
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Fig. 3' Enlarged Partion of Cu;_Se Phase Boundaries at l.ow Temperatures
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s accepted because of the use of well-defined experi-
ental procedures and of high purity material: -~

‘The occurirence of the second miscibility gap between
Ls and Ly'is confirmed by 3], who observed two layers
the mélt abeve 50 at.% Se. Data defining the bound-
re-lacking: The aceepted monotectic temperature
C,. according to:[2]. The other values reported
523 °C {17, 540 °C [3] and 523 °C [5], all based on
thermal analysis, the last one referring to both heating
and cooling eyéles.

fhe L/IL - BCuy .Sef liquidus boundary has been
tetermined by 1], [3] and:[5] The DTA results, in
particular those of {1]. and {3] as read out from their
tigures and plotted in Fig: 1,.are in good agreement
with one another. The extrapolation of this boundary
line to the 523 °C invariant represents the monotectic
composition. of the liguid L. at 52.5 at.% Se. This
camposition is outside the range of 50 to 52 at.% Se

suggested by |5], whose thermal data indicated con:.

siderable scatter ncluding an abrupt deviation at low
temperatures. Therefore, the composition of L, at- the
munotectic point is taken at ~52.5 at.% Se; whereas
that for-L i3 not determined.

Terminal Solid Solutions

The solubility of Se.in. Cu is very restricted, that is,
repurted to- be considerably: helow 0,02 at.% at tem-
peratures up to 800 °C [Hansen . Mdre accurate deter-
ininations were made in recent times by Tayler ef al.
2land earlierby Smart and Smith [13] from electrical
resistivity: measuremerits. The. two results shown in
able 2 aro in fair agreement with each other below

Fig. 4 - Cu-Se Phase Diagram at 20 kbar
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about, 700 “C; above 700 °C the results.of Tuyler et al,
are more realistic, because the predicted solubility ac-
cording o [13]indicates unacceptably high values, The
solid- solubility limit of Se in. Ci estirhated from the
extrapolation of experimental solubility data, derived
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Table t* Jemperatures and Compositions of R in the Cu-Se Sy
G At ! ¢ {a), °C, from

Reaction. Phases. an% Be 11 120 31 (51 191 Other
Congruent. T fCu.Se, L, 1130 1113 1148/8]
Monotectic - Ly, Ly, BCuy Se 1100 -+ 1107[Hansen| -
Eutectic. .. (Cu). Ly, 8Cu;- e 1068, 1063/ [Tansen]
Peritectoid BCuw,,Be, aCin_,Se, (Cw) ~ 1 j23 162 1amcon
Monatectic BCuy_Se; Ly, Ly ~ 523 523, 540 523 .
Peritectic BCu, .Se, yCuSe; L, 382 377 - 400 - 384

Peritectic. yEuSe, CuSes, Ly 342 382 - 3
Butectic/peritectic. CuSe;, (Sel, 218 218 ie L 208 221(10}
Eutectoid/peritectoi yCuSe, SCuSe, Cuse, ~50, ~120(h) e 120111]
Eutectoid/peritectoid .. yCuSe, CuSe, BCu, ,Se * ~30, ~1200) .
Peritectoid . BCu, ,Se; Cu,Se;; fCuSe 135 . 112175 143
Eutectoidiperitectoid - .. ﬂCuSe,aCuSe‘ CuSe, 53 -5l 80 60
Eutectoid/peritectoid ... SCuSe, aCiSe, Cu,Se, 50, 50, 40 e TeBle) .

(8) Accepted temperatures are shown in boldface typs: . 1h) Temperatures are close but not equal to cach other. +c) Températures are tlose but not

equal to each other.

Table2 Solid Solubility of Se in Cu

Composition, at.% Se

Table 3 Homogeneity Range of gCu,.Se at
Room Temperature:

from e -
remperatire, °C 2 - Compasitlon vange Commant
0.6003(a) 0.0005
. 0180025 © 3550 36.4 a
0.0010€) 0.0010 L 011100.24 - 346 1036, a
0.0020 o L0210 026 3580365 . b
.00zt 0.15 to 0.20 3510357 a
--- 00034 L0410 019 - 35010 35.6 a
.- 0.0053 00120 . 0.20 to 0.24 35:7 o 36. a
~ g-ggg§ . 018 10 0.31 35.5 to 37.2 a
e L 016t00.35. 35210877 c
0.01541a) {@).From DTA and X-ray measurements on thermally px epared aample
0.0193a) {b) From electrica

~0.021

(@) Values eitrapolated from experimental results.

from the measurements of residual resistivity (at
liquid heliam temperature} by [12], is ~0.021 at.% Se
at 1083 °C. No data are available for the solubility
of Cu in Se.

intermediate Phases

The system is characterized by the occurrence of a
number of compounds. Except for one, all appear to be
stoichiometric in composition, with negligible homoge-
heity range.

Cu,Se/Cu,_,Se. High-Temperature Phase. The Cu.Se
compound ix involved at high. teraperatures in. three
different reactions: fa) congruent at 1130 °C |3,
(&) monotectic at 1100.°C {3], and. (¢) cutectic trans-
formiation at-1063 °C [Hansen]. It goes through a poly-
morphic transformation at low temperature. The
homogeneity range of CuSe extends to higher sele:
nium concentrations forming the copper-deficient
Cuy ,8e phase. Cu, ,Sc is stable at reom temperature
within narrow compesition limits. The results from the
different studies are shown in Table 3 and Fig. 2. Based

ol thiese figures, the homogeneity range of Cuy, at
room temperature is taken approximately between 35.4
and 36.0'ut.% Se, corrésponding to 0.18 = x = 0.22.

The homogeneity range of Cu, ,Se phase increases fur-
thier.at higher temperatures. The width. of the phase
field from 75 to 500 “Criwas determined. by [2] and 5]
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preparcd sample.

from the break of the lattice parametér values at the
phase boundaries at each temperature. The results
plotted in Fig. 1'show an almost vertical phase bound-
ary on-the Se side with a probable positive slope near
room temperature [2]. Lorenz and Wagner [18}observed
an extension of the Cu, -;Se phase field to Cu/Sé ratio
Toss than. 1.86 (Le., =35at.% Se) at 400-°C by cou-
lometric titration. Borchert [ 19) proposed the resultant
structure as deficient in Cu atoms with the boundary at
20 °C at about 35.7 4t.% Se (x = 0.20). Early [20} con-
firmed the defect structure, but suggested the extension
of the field up to 35.1 at.% Se.(x = 0,15). One of
the earliest strueturc studies is reported by Rahlfs [21].

The composition of the copper-rich: boundary. of
BCu: \Be at 400 °C’ estimated from the coulometric
titration is Cuy gonSe by {18] and Cuy gassSe-by [22): The
coulometrie titration (300 to 420 °C).and thermal emf
measurements (300t 600 °C) of Konev et l.-[23] indi-
cate that, below about 600 “C, the composition of CusSe
deviates from stoichiometry toward higher Se'levels
whose magnitude increases progressively with the re-
duction in.temperature. Aceording. to. the studies bes
tween 0'and 200 °C By Migatanai ef of. |24}, similar
deviation from staichiomelry also exists with the Jower
temperature modification ta of Cuy - Se. These studies
suggest that below 6007°C the (Cuj phase iz in equic
librium. with Cu., Sc phase, where x > 0, and -con-
tradict the reported occurrence of Cus, Se at- 110 "C-in
the presence of 'exeess Cu [ 1]




Provisional

In eontrast, several studies by thermal and clectrical
: methods {17, 11] show- that the deviation from the
rie CusSe ion on-the coppet-rich

sxde does not-stait until about 130-°C. Because the re-
ported magnitude. of deviation from the stoichiometry
between 600.and 200 °C.is very small, it is diffienlt to
resolve the discrepancy between the two sets of obser-

vations. Tentatively, the temperature ‘denoted by the -

latter studies is accepted and.indicated in Fig.-3.

The @ — B. polymorphic transformation temperature
for‘the Cu,Se/Cuz_.Se phase has been determmed by
X-ray, DTA, electrical d ity and ther lectrie
power techniques. The results presented in Table 4
show:large variations: Where both X-ray and DTA de-
termiriations’ were made on the same sample, the
DTA temperatureis considerably higher than the X-ray
one, ‘as ohserved by [2] and [25]. Thermoelectric power
measurements, in addition to showing a peak at 112 °C,
indicated some irregularity at around 125 °C and
sometimes another maximum at 137 °C {26} Similar
irregularities also weve observed in the X-ray and
DTA results by {2] and [25] near the transformation
temperatures. Such variations can arise if the com-
position shifts from stoichiometry to‘a two-phase
region, for which the transformation temperature
varies over a range of temperature: The magnitude of
the transformation temperature in such situations also
will be low because of its rapid fall at Higher Se levels.
Even if these facts can explain, in part, the discrep-
ancies in the reported values in Table 4, the existence of
a broad temperature range over which the o' = g
transformation appears to. take place.cannot be dis-
counted. This is'sipported by the observation of broad
thermal effects [2, 25], anomalies in the conductivity
and thermoelectric power {26, 29), and heat capacity
variations over.a large temperature interval, as
observed by Kubaschewski and Nslting [30}. Thus;
following. [2], the a — f transition temperature is
taken overa 30 °C. interval centered on 123 °C, 1e., at
123 *'15 °C.-A peritectoid transformation is consistent
at this temperature with the existing phase boundaries,
shown in Fig. 1 and '3, whereas both congrient
~and eutectoid transformations are .unlikely under
these conditions,

The reduétion in the a —. § transformatiori tempera-
ture for the Cuy ,Se'phase with increasing Se content is
shown in Fig. 3, based on the DTA and conductivity
results of [1] and [7], respectively. An invariant tem-
perature.at —103 "C was established by Ogorelec ef al.
{7], based on discontinuity in the electrical conductivity
at that temperature for several Se alloys. The authors
proposed the BCu,. . Se to undergo-a eutcetoid (termed
neorrectly as @utectlL )} transformation at that
temperature, forming o« «Se as'one of the products.
In contrast;, Stevels [25 11 observed, in the Cu; ySe
alloy cooled to —170 °C, the presence of the fee phase
admixed with «Cu,Se. They also reported observing a
superstrueture of this phase below —115.C.

Cu,8e/Cu,-Se Low-Temperature Phase.  As noted
eartier, the fee SCu,Se/BCuy ,Se undergoes. poly-
marphic transformation. at or below 123.+ 15 “C to
form aGusSe: The o == transformation is reported to.
be. sluggish (2}, Stevels et-al. [11] obtained «Cu,Se
mixed with the fec phase in quenched. samples (from

Cu-Se

Table 4 . a=p:Transformation Temperature
of Cu,_,Se

Temperattre, °C
Method of measurement
DTAG@) . Xeray  EC and TEP(b)
13L(c)
136Ld), 134(6) 123+ 3

Reference

143(d BU(L)(eJ

«100(0

135(\:]\

() DTA, differential thermal analysis. (b} EC dnd TEP; electrical
conductivity and thermoelectricpower,. ic) Coolingcycle.  {dyHeating
éycle. @) Date’for heating and cooling. cycles shown reversed from
those given by [5) to avoid contradiction. (f) Approximation between
90.°C for Cu gySe and 110-°C. for Cu e

500 to 706 °C) of Cu, ,Se, when x.<0"0.15. Possibly be-
cause of the slow kinetics of transformation, they failed
to get a single-phase «CunSe even en slow cooling. The
cell dimensions of « Cu,Se were found to vary little be-
tween the samples, which. led them to conclude that
the homogencity range of aCusSe is.very narrow at
room’ temperature.

Ogorelec ef'al: {7, 27] indicate & narrow but finite width
of the @Cu,Se phase fleld at room temperature and
below, based .on conductivity measurements. This sug-
gests the oceurrence of the low temperature form of the
Cu-deficient aCu,. .Se eompound.

Cu,Se. is formed by peritectoid reaction between
BCus_.Se and BCuSe. The rate of this solid state reac-
tion is exceedingly slow below 135 °C_This is supported
by [14], who'did not succeed. in synthesizing a single-
phase alloy with this structure. According to. [1],
quenching specimens with this composition from
380 °C often yielded large amounts of CusSe, wlth only
traces of other adj t equilibrium This
was contradicted by Stevels ¢t al. [111, who succeeded in
forming Cu,Se; only on prolonged anncaling (3 months)
at 120 “C. Samples cooled slowly through the trans-
formation temperature often contained only traces of
Cu;Se,, and the Yeaction was not complete  at room
temperature even after several years. However, the
transformation was found to be considerably enhanced
by pressure or by shear-and could be brought to com-
pletion by prolanged grinding of the specimen [2].

The reverse reaction of disproportionation of Cu.Ses to
ity constituents ks also very slow, but relatively faster
than the formation reaction. Consequently, for transfor-
mation temperature deterniination, disproporticnation
reaction is utilized. Stevels'[25] observed. this tem-
perature to differ between the X-ray and DTA methods,
being 120 and 135 °C, respectively. Other reported tem-
peratures based on DTA are 135 °C-[1], 175 *C (3],
143 °C [5] and 112 °C [2]. ‘A strong .dependence of the
result on heating rate was observed by [2]; who ob-
tained the values 131, 125 and 112 °C, corresponding to
the heating rates 10 and 5C per minute and 8 “C.per
hour, respectively. The t¢mperature, 112 °C, from the
slowest Heating rate measurement, approximated best
the equilibrium condition and hence is accepted. The
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compound isstable at room temperature to: st least
35 kbar pressure [2].

CuSe is formed by peritectic reaction befween
BCu;_.Se and Se-rich liquid. The measured peritectic
temperatures are 400 °C [3], 387 = 5 °C (4], 384 °C[5];
3827°C [1] and 377 C [2]. The formation reaction was
noted to be slower than the reverse disproportionation
reaction [25].

The room. témiperature form- of this phase, aCuSe,
undergoes rapid polymorphic transformation to SCuSe
at temperatures reported variously at 80 °C [3], 60 °C
[5],°48 °C (by DTA, 46 °C by X-ray) [25],53 °C.[1]:and
51 °C [2].

At still higher temperatures, a.further polymorphic
transformation from BCuSe to yCuSe was detected in
the ‘hightemperature X-ray by Stevels et al. [11].
Because no discontinuous change in enthalpy was
detected in the B — y transformation by the DTA
miethod, the transformation is continuous, i.e., higher
order. The g — y transformation temperature cb-
served by [11]is 120 °C, confirmed subsequently by [2].
Both « — B and B vy transformations are rapidly
reversible [2].

The aCuSe is reported to. be sensitive to pressure.
Grinding in a'mortar and. pestle causes.it to undergo
disproportionation or possible transformation. Between

5 and 10 kbar, aCuSe disproportionates:to CuzSe; and-

CuSe,ll (a form of CuSe, stabilized under. pressure at
<5 kbar) |2}, The peritectic decomposition temperature
of yCuSe remains unaltered up to 5to6 khar pressure.
All ion ten tated with CuSe
are accepted from {2] for reasuns explained earlier.

Table s Crystal Structures

Cu-Se‘

CuSe,. Although Babitsyna et al. [3] denied the occurs
rence of CuSe:, evidence in favor-of its existence’in the
equilibrium‘diagram is overwhelming [1, 2; 11,31, 32},
The compound is formed by peritectic reaction between
yCuSe.and the Se-rich lignid. The formation redctionis
very slow; whereas the reverse disproportienation reac-
tion is relatively rapid:

The measured peritectic temperature ‘is gi{}en as
~340-°C [11},.343 °C [5],'342:°C:[1] and 332 °C.{2]: The
representative temperature is accepted. from-{2].

Accéording to- Murray. and Heyding [2], a cubie. fizod-.

ification, CuSe.lI, having the pyrite-type: structure-is

formed under pressure and on. high-temperature *
annealing, This modification is reported to be more

stable against decompogition than .CuSe, at atmos-

pheric pressure. CuSe.II melts congruently at 545 °C

under a pressure of 20 kbar [2]

Bither et al. {32] pioniéered the high-pressure synthesis
of CuSe, compound with the pyrite-type structures that
are known to be superconductors below 2.4 K

Metastable Phase:

No metastable phase has been -observed in the bulk
prepared sample: However, in thin-film preparations
several metastable phases have been noted. Boettcher
et al. [33]} observed, in thin films of Cuy oSe, seven dis-
tinct electron- diffraction patterns hetween 20 and
320 °C, representing either body-centered cubic'or
tetragenal structuré with different Iattice parameters.

On vacuum thermal treatment of ‘thin.films (35 to
40 nm) of CuSe above 350 °C, Shafizade et al.-[34]

Approximate
composition(a); Pearson symbol Space Lattice parﬂmewrs, nm Refer-
at% Se or structure - Prototype group a b Comment  ence
~0 cF4 - Cu Fm3m 0.36147 - e AC18°C, 0% Ser (B
~33.3t0 33.8.  Monoclinic . 14087 . 2.0481 0.4145 §'=90°23% (2]
at 25 °
BCuz Se.. ... ~33.3 to 36.4(c) F12 CaF; Fm3m(38] 05860 Forx = 0. ' [35}
: 0.5765 For x = 0.2 2
at 25 °C
CusSer......... 40 Tetragonal _(Umangite) *.P32,m{dl] - 0.6385 0.4271 -
: 12}
aCuSe ... 50 Hexagonal . “(Klock-  P6y/mmc[42]  0.3938 1726 A$20°C (1
mannite)
BCuSe ... 50 Orthorhombic 0.3948° 0.6958  1.7239 t 51-°C {2]
yCuSe . 50 Hexagonal . PGy/mme[39]  0.3984 s L7288 AE157°C 121
CuSe, 86.7 0P8 FeS, Prnm[39] - 050046 0.61822 0.37397 At 25 °C. 12}
(Se). ~100 hP3 Se P3,21[Pearson] . 0.4366 - 0:4958  100%-Se (361
@ From the phase disgram. (bi From [Landolt- Bornsteinl. (o range ot room L 018 = x- <2 6.22 and at 500°C, x = i to
26 .

Table 6 - Lattice Parameters of «Cu,Se

Crystal Lattice parsmeters, nm
structure b < Temperature, °C  Comment Reference
Tetragonal. . 1.140 <131 135]
Tetragonal . 1174 <103 (a) 191
Orthorhombi 04118 0:7032 2.0381 25 (11}
Orthorhombic: S 0410 0.702 203 ~170 1111
Monaoclinie . . 14087 " 2.0481 0.4145 (b} 2]
{a) Approximate composition, 33.8 4£.% Se. - () B = 90°23'
20 Rullatin of Allnd Phace Disorams Val 3 1981

5 Np



Cu-Se

detected by electron diffraction the oceurrence of-an fec
phase’ of lattice parameter ¢ = 0.563 hm,.correspond-
ing to the composition Cui.Se mixed with the
equilibrium Cu.Se phase. The phase was stable down to -
Toom temperatire.

Crystal Structureand Lattice
Parameters

The crystal structure and the representative lattice
parameter data from: selected works for the different
phases are preserited in Table 5. Controversies exist ik
some of the reported structures and space groups, for
which references-are quoted ini Table 5 in appropriate
places. For structural notation, Pearson’s desighation is
followed. Where such information is. lacking; the corre-
sponding crystal structure/Bravais lattice type is
indicated. Similarly, where the phase for which' the..
structure prototype information is not available. butis
known to have mineral P/qu\valents in nature, the latter
is Pertinenti jon and lattice parame-
terdata on each phase from differént known works-are
presented under-individual phase headings that follow.

aCu,Se. This low-temperature modification of CusSe,
stable at room temperature, exhibits a complex diffrac-
tion pattern’ presenting difficulty in identification.
Baorchert [19]) and Junod [35] identified'it with a tetrag-
onal cell, while Stevels ez al. [11] proposed an'ortho-
thombie lattice. By careful high-temperature X-ray,
Murray and Heyding [2] established. the structure as
monoclinic-and inferred it te.correspond to-a simple
monoclinic distortion of the orthorhombic cell proposed

Table 7 ~Lattice Parameter of gCu,Se

ad
parameter, nm. Temperature,
a C Comment

0.5840; 170
0.5740 25 On berzelianite
0.5820 55 Onisynthelic Cu;Se

0.5840. 180

0.5860 .
.0.5754 + 0.0003 32.8 at.% Se

Provisional’

Dby {11]. The lattice paratheter was found to increase for
the partially. oxidized Cu.Se sample that corrésponded
to the composition of the Se-rich boundary of the phase
[2]. The variously reported structire and lattice pararm-
eters for the phase are presented in-Table 6. aCu;Se
structure is found to remain unchanged down to hquld
nitrogen temperatire [11].

BCu,Se/BCu,_;Se. The high-temperature mod-
ification of Cu,Se is face-centered cubic; CaFa-type,
with lattice parameters as shown in Tablé 5. Lattice
parameéter ‘data reported from various works are
presented in Table 7.

As- described in the section’ entitled “Equilibrium
Diagram”, the homogeneity range of Cu,Se: extends.
abové:the stoichiometric ratio to’higher ‘Se cén-
centrations, forming the Cus_;Se. compdund with an
extensive phase field at elevated temperatures. In the
stoichiometric’CugSe: structure, the Se atoms form an
fee sublattice; and the smaller metal atoms occupy the:
interstitial tetrahedral and ectahedral sites in the sub-
cell. The resultant atomi¢ positions.in the unit cell of’
the fec CusSe, according to:{19], are shown in Table 8.
Compared 10 the corresponding atomic pesitions for the-
prototype phase CaF, {Pearson], also shown in Table 8,
the interstitial site occupancy in the SCu.Se is not re-
stricted to tetrahiedral sites alone. The Cu atoms also
oceupy part of the 4 octahedral and 32 trigonal sites.
The atomic arrangements studied by Rahlifs [21]did not
include the octahedral coordination for the Cu: sites.

Stevels and Jollinek [11] corroborated th¢: findings of
Borehert [19], and the positions of the Cu atoms.accord-
ing to their model based on the high-températiire form
of CureSe with the space group F43m, given by [18],
are presented in Table 9. However, the model used by
Heyding and Murray [39] for the oecupancy of sites
corresponding-to° Cu, seSe at rodm. temperature is per-
haps the most consistent one because, unlike the pre-
vious authiors, no-distinction is made between the 4(c)
and 4(d) equivalent (tetrahedral) sites: The model is
based on the spacé group similar to that:of the proto-
type; CaF». The results presented in. Table 9 show that

. 5.2 Cu atoms occupy the tetrahedral sites-and the re-

Table 8 - Atomic Positions in CaF, [Pearson] and Isostructural g Cu,Se [19]
Space Actomic ps i - =
Phase group Atoms Point seti Coordinates Site designation!
[ . . Fm3in 4.Ca 44d),m3m 0,00 + face-center translations - . fec
8F 8c)43m 1/4,1/4,174; 1/4,3i4.304: Tétrahedral
3/4,14,3'4; 3/14.304,1/4;
304,304,304 34,114,114
_ 14,318, 144; 1/4,1/4,3/4
BCaSe ..U Fd3m 4% ‘ 4la) 00,0 + face-center transtations fee
4Cu el 14,104, 1/4; 1/4,3/4,314; Tetrabedral
34, 1/4,34; 314,304,114
4Cu 40h) 112,112,172 1i2,0,0; Octahedral
B . 0.,0,112; 0,112,0
Random 1662} 0007 e X X0 : ’l"ngnnal
oceupalion ES £
1/4 of these Cu
6 Cy e 4,314,804, 34,141 45 Tetrahedral
104,004, 1i4; 141/4,34
(+) According to Wyckoffs notation, [381. (3 Coordinates in « particular st indicdted by parcntheses
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Table ¢ - Atomic Positions in 8Cu; 5S5e for
Different Space Groups

Space Atomic Position Refer-
group ‘Atoms’ Point set Coordinatest ence.
Fa3m......... 4 Se 4(a}. 0,0,0 + face-center [11)
ranslgtions
06Ce  4b) 12.1/2,112;
(1¢2,0,0)
4Ca 4(c) (1/4;1/4,1/4}
26.Cu" "16(e} (xxx); (x X3
Fmdm .. ..... 4 8e 4fa}” 0,0,0 + face-center [39)
. translations |
52Cu 8y - (141/4,1/4);
13/4,374,3/4y
(Random) (tetrahedral sites)
2Cu 3200 =z xx); X E)

(trigonal sites)}

{*) Coordinates in a. particular set enclosed within parentheses.
Hx =0T

Table 10 = Lattice Parameter of BCu,_,Se
Lattice Temper-
parameter, hm ature, Composmun
B “C at% Se
0.57648 + 0.0001 267 .0:16 352
0.57594 + 0.0001 26 020 357
0.5743 = 0.0002 26. . 0.30°  37.0
0.5765 25 0.20 357
0.57486 * 0.00021 75 0.8 355
0.57387 = 0.0002 75 .70.22 36,0
0.57390 + 0.00027 5. 0.26 365
0.57499 + 0.0001 75 014 350
0.57630 * 0.0001 175 © 014 | 35.0(a)
0.57608 = 0.0001 350 . 0.14 | 350(a)
0.57589 .= 0.00007 500 0.4 35.0(@)
0.5758 25 020 357
0.5729 0200 357
0.575 25 015 351
0.5751 25 0200 357
0.5780 150 0.20  35.7¢a)
0.5842 200, 020 35.7a)
0,5904 3200 0.20 °35.7a)
0.57605 25 . 0.20 - 357
(a) Tent: — actial probably is fower due to

evaporation of Se.

maining 2 Cuatoms go to the trigonal sites; the octa-
hedral sites remain uneccupied.

Nonoecupaney . of part of the available (total 8) tet-
rahedral sités. by Cu atoms’ indicates the existénce, of
vacaney in Cu sites. Thus, Cu; .Se is-a vacaney com-
pound: Apparently the Cu site vacancy persists’even at
steichiometric. composition, CiizSe, because all tet-
rahiedral sites are still not occupied (Table 8) and, there-
fore, additional site vacancies also exist at trigonal and
actahedral sites. Consequently, the Cu....Se compounds
exhibit interesting electron transport properties:that
will be discussed later.

The. lattice parameters of SCu. . Se vary with both
composition and temperature, as demonstrated in the
different works in Table 10, Often.the efféct of tem:
perature is masked by the concomitant ¢hange in com-
pogition-due to the rapid evaporation of Se from the
alloy-at high temperatures. The data of [25] and [5]
supposedly show this comhined cffect. However, the lat-
tice parameters in general decreage with the increase

312 Bulletin of Alloy Phase Diagrams . “Vol.2° No. 3
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Table1t- Lattice Parameters of Cu;Se,
Lattice parameters; hm
a o Coniment
[ &9 DR 0.6394 0.4269
+0.0005 - = 0.0005
0:6385 04271 L
0:6405 0.4278 At20°C
0.6428 0.4278 At 100°C
0.64024 042786 For umangite
‘mineral
0.6206 0.4279
06402 04276
Table 12. Lattice Parameters of aCuSe
Lattice parameters, nm,
Reference a 3 Comment
[ESP 0,3940 17216
+.0:0003 £ 10,0005
[2,390...... 0.3934 1.7217
111, 25)a) 0.3938 1.726 AL 20°C
[42f...: 0.3938 1725 For
klockmannite
mineral
0.3940 1725
0.3960 1726 For vapor:
deposited
thin film
[45] 0.3940 1728 For vapor-
deposited
thin.film

() Repart supérstructure at 20 °Cwitha = 1420amandc = 1.726nm,

in Cu vacancy or, conversely, with the. increase -in
Secontent [1, 5]. The anomaly iu the lattice parameters
between 75 and 500 °C for: Cu, weSe- given'by [5]
can be understood in terms of the mormal thermal
expansion of lattice with increaging temperature, as in
75 to 175 °C data, whereas, above this temperature, the
lattice parameters decrease because of the com-
positional shift of the alloy to lower Se concentratmm
due.to evaporation of Se.

Cu,Se;. Morimoto and Koto [41] determined the struc-
ture.of CuySes as-tetragonal with- the space group
P42,m. Earliér; Berry [42] presented lattice parame-
ters also based on the tetragonal unit cell but with ‘a
different. space group. The lattice parameters. from
different works are shown in Table 11: The lattice
parameters of ‘the natural mineral umangite having
the same composition [39) are slightly higher than:the
synthetic counterpart {2]. The orfthorhombic strue-
ture with lattice paramefers a = 0.428, » = 0,640
and ¢ = 1.247 nm, preposed by [207 is apparently
incorrect.

@CuSe. Early [43] deterimined that the - aynthetlcally
propmed room temperature Torm of CuSe, wCuSe,.is
similar in X-ray pattérn with- the mineral klockman-
nite (CuS). He determined the lattice dimensions based
on the hexagonal ¢ell that agree closely with the analy-
sis of Berry {42] on klockmannite, who determined alse
the atomic positions for the structure. These and other
results are presented.in Table 12. The lattice parame-
ters by Stevels and Jellinek {11 fon synthétic «CuSe at
20-°C agree closely with those.of 4z| and [43}.and are
taken as representative.

1981
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Buperstructure reflections with 12-fold multiplicity of
the a-axis were chserved by [43]. This was confirmed
subsequently by {11] on samples-held at-room - tem-
‘perature for sevéral months and also by [46] and [47].
Heyding [2] did ‘not notice exira reflection onfreshly.
prepared samples but. confirmed their appearancé dn
long aging at room temperature, indicsting a slow
process of ordering. Tayler et al. [46] ascribed the order-
ing to twinning in the lattice and suggested a 13-fold
multiplicity of the ¢-axis.

BCuSe has a c-end base-centered orthorhombic struc-
ture, for. which lattice parameters. are shown in Table
13. The results by Heyding [2], which show good agree-
ment with those of:[1] and [11], are accepted as repre-
sentative values'in Table 5.

yCuSe possesses héxagonal symmetry, for-which fattice
dimensions are presented in.Table 14: The diffraction
patterns of «CuSe and yCuSe are very similar in terms
of both Miller indices and relative intensities of the
X-ray lines. However, because the interplanar-spacings
have-large differences, Heyding [2] considers the.two

Table 13 - Lattice Parameters of SCuSe

Lattice parameters, nm
b ¢

Cu-Se

polymorphs not isostructural: The lattice parameter
result of [2] ie accepted as representative of the system
ahd is shown in Table 5.

CuSes has ortherhombie, C 17 marcasite-type structure.
The atom positions and the structure were determined
by Gattow [48]. The Iattice parameters determined by
several authors are giveri in Table 15. Accepted values
are taken from [2] and shown in.Table 5. The lattice
parameter for the high-pressure modification of CuSe;
having the cubic pyrite-types structureise ~ 0.6116 nm
at room teriperature [2].

Thermodynamics

The Hheats. tenthalpies) of formation of the dlfferenc
Cu-Se compounds. from various warks are presented in
Table:16. The corresponding standard: entropy of for-
mation {at 25 °C) results are presented in'Table 17. The
heats of formation data refer {o 25°C except where
indicated otherwise.

In general, fair agreement is shown between the differ-
ent worksin the values of AH-and, to alesser extent, in
the values of S%s. The 8% value for Cu, 7S¢ by [49]
appears tobe too high, and the AH values for CuzSe-and .
the four Ciz_.Se compounds by [50] are corsiderably

C
Reference . Somment lower than the other réported values.. The AH values
.. 0.6813 0.4015 1.7095 calculated from thermal analysis data by [1] are.in con-
= 0001 . x0.001 + 0.002 siderable discord with other literature vatues. and are
[21... 0.3948 0.6958 1.7239 At 51.°C not included in the tables:
fi1).; 0.3949 0.6935 1.720 At 60 °C v "
The heat capacity data for aCu.Se and BCu,Se given by
B . [30] are as follows:
Table 14 _ Lattice Parameters of yCuSe . aCuzSe: 58.6.+ 714 T (J/miol deg) - (298 to 395°K)
Lattice parameters, nm ACu.Se: 84.1 {J/mol deg} {395 to 800 K)
Reference a e Comment
03984 17288 . AL 157 °C Addendum
0.3976 1.7243° . At 140 °C SR ;
| Properties
Table 15 Lattice Parameters of CuSe; Cug-.Se is a p-type semiconductor with-a earrier con-
Lattice parameters, nm centration of ~10" cm * and band gap between 1.1 and
Reference. a b Comnient 1.7 eV 53, 54]. The electronic transport properties are
06198 03741 T characterized by positive signs of the thermal-emf and
= 0001 +0.0005 the Hall constant and by the negative temperature coef-
0.61892. . 0.37397 AL25°C ficient of electrical resistivity in certain temperature
05020 03741 AL 25°C ranges [55, 56]:
L 0.6182 0:3740 A 1y, th &
148! 05103 06292 0.3817 pparently, the semiconductor type of properms re+
sults from-the defect structure.of Cu. . Se arising from
Table 16. Heats of F ion of Cu-Se C o
Compound. 1491ib) 152| 2i(e)
CuSe,. 0o 40.2 £ 16.7
GuSe 419 © 42
f'u S 41.9 %209
26.8+ 8.4
22:1 208
PPN 248 =08
326 - 08
SPI . 3.4+ 0.8
venlorimitric methad b1 By vapor pressire mothod: at 45 °C. 1es By isoperibol liguid metal B0l sol ation calaFimetrié mithod;
% i) By emf method; ut. 25-°C. (a1 From i of thermil analysis peak: ut respuetive transformation temperatures. (Dx - 0.333 100.358;
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Table 17 Standard Entropy of Cu-Se

Compounds:
Entropy, 8%, (J/mok/deg)
from reference.
Compound 497 511 " 52]
CuSe;. 120.6 98.8 % 5.0
86.2 740542 " TL6E 126
s L1850 8.4 207.2 £ 20.9
595.2(a) 120.87%4.2(b)
162.4 804+ 5.4 1139
157.4

fa) For'x = 0.25.(b) For & =:0.333 to 0.355.

the oceurrence of vacancies in the Cu site; whose for-
mation energy is characteristically low [56]: The copper
vacancies supposedly create low-lying accepter levels in
the band gap that are occupied at ordinary tem:
peratures, and the resuliant holes in the valence band
account for the hole conduction. Borokin. et al. [56] ob-
served, for composition changes from Cu:Se to Cu, 5,8,
a progressive change in the lattice parameter from
0578 to 0.568 nm and in the density from 7.10 to
6.72 g/em®, which was attributed to the formation. of
the copper-deficient structires. The corresponding
chianges in the electrical conductivity (o); Hall constant
(R}, thermoelectric coefficient {a), carrier conceri-
tration (n) and carrier mobility (p.) were from 85 to
6206 O 'em™?, 19.7 to 1.40 x 10 * cm®/°C, 472 ‘to
20 pV deg 2.76 % 10" o 526 % 10*' cm * and 1420
o 735 em/V s, ively. For the stoichiomet
composition, Cuﬁe the tramport preperties showed
exireme sensitivity to the purity of the starting materi-
al; whereas this was not so for the defect structures.
Thus, for example, # changed from 480 to 2250 for
Cuy seSe and from 3060 to 3080 (1 *em. ? for Cuyu,Se,
corresponding to spectral pire starting material and
for 99.92 Cu and 99.96 Se, respectively, showing the
strong doping effect of impurities characteristic of an
extrinsic semiconductor.

In Cu,_;8e, the carrier concentration increases with the
progressive increase.in eopper deficiency, and the con-
ductivi!.y also increases correspondingly. The highest
value is reported £o be reached at composmun similar
to berzelianite (o = 6000 " 'em ') Over wide tem-
peratiire ranges,” Cuz..Se exhibits metallic-type
conductivity but, accardmg to Ahdu]hev et al: [B7), &
transition to -t istic with:a
. megative.teémperature ccefﬁcmnt of resistivity -occurs
around 600 °C, depending on composition. Similar be-
havior is also reported to be-exhibited between 20 to

0 °C.

CuSe; with pyrite-type structure is a superconductor;
with the critical temperature between 2.30 and 2.43. K
{32]. Bither et al. [32] synthesized this structure from
stoichiometric mixtures under high pressure (65 kbar)
and high temperature (1000 to 2000 “G1. For a’lower.
synthesis temperature-(900 °C), -the pyrite structure
was found by Krill ¢f al. [58] to be stable over a narrow
compusition range -around- the stoichiometry, and to
undergo a weak ferromagnetic transition at a lower
teniperature (31 K) before turning inte a super-
ductor. The -super fucting critieal temperature,
however, remains unchanged in both instances,
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