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The T vs composition phase diagram of the alloy system Cd, (CuGaj, Mny Te; {x + y + 2 = i) was
investigated in the range 0 < z << 0.8 by differential thermal analysis and X-ray diffraction measurements.
Samples were prepared lor various lines of constant x/y ratio and the T(z) data were determined Tor
each fine. X-ray powder photographs were used to determine equilibrium conditions, to give lattice
parameter values, and (o determine the limits of single-phase solid solution. In addition to the various
phase field boundaries, the zinc-blend-chalcopyrite and Mn-ordered-Mu-disordered transition lines
were determined, these fields being the ones of interest in the measurements of optical energy gap
and magnetic properties. Raom-temperature values of the aptical energy gap £, were determined for

all of the singic-phase samples and the variations of E, with £ were investigated.

Introduction

Most of the work on semimagnctic semi-
conducior alloys (/) has becn concerned
with alloys of the form 11,_,Mn_VI. How-
ever, similar alloys can be produced from
the chalcopyrite 1.II1. V1, compounds, the
ternary analogues of the 11.V1 compounds.
A number of alloy systems of the form
(L.111);..Mn,, Te, have been investigated
and this work has been extended to the more
general 11, (1111}, Mny, Te; alloys (2-8). It
has been shown that in almost all cases the
solid solubility of the MnTc in the zinc-
blend/chalcopyrite phase cxtends over a
wide range of z values. Alloys in this single-
phase range are of interest because, de-
pending upon the heat treatment, the alloys
can be produced either with the Mn atoms
at random on the cation sublattice or with
the Mn atoms ordered. The optical cnergy
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gap values and the magnetic behavior are
very differcnt under the two different condi-
tions (2, 3, 6, 9, 10). Before a detailed invcs-
tigation of effects of Mn ordering can be
carried out, a knowledge of the phase dia-
gram of the alloy system is required. For.
the case of the Cd alloys, these data have
been obtained for the cases of Cd,,
(Culn),Mn, Te, (/1) and Cd,,(Agln) Mn,,
Te, (/2) systems. Work on the (Cu'GaL),_Z
Mu,, Te, system (/3) has shown that its be-
havior is quite different from those of the
corresponding Culn (/7), Agln (/2), and
AgGa (6} alloys, in that the range of solid
solubility of Mn in CuGaTe, is very small.
Earlier investigations of the Cd,, (CuGa),_,
Te, system (/4} showed that solid solubility
in the zinc-blend CdTe phase extends from
x = | tox = 0.33, but that for x smaller than
this, there appears to be two-phasc behavior
except for alloys very close to CuGaTe,. In
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the present work, the system Cd,,(CuGa),
Mn, Te, has been investigated, so as to ob-
tain information on the range of zinc-blend/
chalcopyrite solid solubility in this case, and
to determine phase diagram, lattice parame-
ter, and optical energy gap values,

Preparation of Samples and
Experimental Measurements

In order to facilitate comparison of re-
sults, samples were made at compositions
along lines of constant x :y ratio, i.e., x =
Iy, x =y, 3x=y, Tx =y, and x =0, at
various fixed values of z, and also a few
samples along the line y = 0.5. As in previ-
ous cases, since the interest of the research
programme is in semimagnetic semiconduc-
tor alloys, the Mn-rich phases were not in-
vestigated.

All of the alloys were produced by the
usual melt-and-anneal technique (/5). The
components of each 1-g sample were sealed
under vacuum in a small quartz ampoule,
the inside surface of which had previously
been carbonized to prevent interaction of
the alloy with the quartz, were heated to
1150°C and allowed to react. Each sample
was then slowly cooled in the furpace to
room temperature and then was annealed to
equilibrium at an appropriate temperature.
Except where indicated differently below,
the annealing temperature was 600°C, and
after annealing the sample was slowly
cooled to room temperature over approxi-
mately 10 hr.

For each sample so produced, room-tem-
perature X-ray Debye-Scheirer photo-
graphs were made on powdered specimens
to check the equilibrium conditions and to
determine whether a single phase form was
present. Values of lattice parameters were
determined for all cases where chalcopyrite
or zinc-blend phase were present, germa-
nium being used as an internal standard
where required.

Transition temperatures were obtained
from differential thermal analysis (DTA)
measurements (16), with silver being used
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as the reference material. The charge used
was in powdered form and was approxi-
mately 100 mg weight. This was sealed un-
der vacuum in a small quartz ampoule which
had a re-entrant thermocouple well at the
bottom. The temperatures of the sample
and the reference were measured with
chromel-alumel thermocouples, the differ-
ence signal between the sample and the ref-
erence and the temperature signal being reg-
1stered on a chart recorder. Each phase
transition temperature was determined from
the base ling intercept of the tangent to the
leading edge of the peak in the difference
signal. Both heating and cooling runs were
made for each sample.

Slices of each single-phase sample were
cut and thinned down to give specimens for
standard optical absorption work (17). Val-
ues of (1/d)In(f/T), where d is the thickness
(of approximately 100pm), /, the incident
intensity, and I the transmitted intensity,
were determined as a function of photon
energy hr and corrected by subtracting a
background value to give the absorption co-
efficient a. The relation aky = A(E, — hyp)'?
was then used to give a value for E,, by
plotting graphs of (ahr)* versus hv and tak-
ing the intercept on the kv axis as E,.

Phase Diagram Results

For these alloys, DT A results forthe y =
0 (Cd,_,Mn_Te) and the x = 0 ((CuGa),_,
Mn,,Te,) lines were published previously
(18, 13). In the case of z = 0, X-ray analysis
showed that single-phase solid selution oc-
curred in the composition ranges 1.0 > x >
0.33 and ~0.02 > x > 0 (/4), but the phase
conditions at higher temperatures were not
determined. Hence this range has been
treated in some detail here. For the x = 0
line, the T—z phase diagram was published
(13}, but a few changes have been made in
the light of the present results. Detailed
DTA and X-ray diffraction measurements
were carried out on the y = 3x, y = x, and
x = 3y sections, and X-ray measurements
on the ¥ = 7x section.
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Fig. 1. T(y) diagram for z = 0 section {Cd,, (CuGa);_,Te;): (O) DTA heating run, (@) DTA cooling

run, and (A) from X-ray data.

The DTA data for the various sections are
shown in Figs. 1-5 and the lattice parameter
values in Figs. 6-8. For the z = 0 section,
Figs. 1 and 6 show that at 300°C and below,
the range of solid solubility is in good
agreement with previous work, with zinc-
blend g8 solid solution extending from y =
0 to y = ~0.68 and chalcopyrite o from
y = 1.0 te y = ~0.97. In the intermediate
composition range, the behavior is more
complicated. At the lower temperatures,
there is a two-phase field, (o + ), with tie-
lines lying in the plane of the diagram, and
above that a narrow single phase 8 field,
extending from T = 450-560°C at y = 0.75
to T = 740°C at y = 1.0. Above this again,
there is a two-phase (8 + 7) field in which
both of the equilibrium phases lie outside
the section being considered here, and occur
on the Ga,Te;~Cu,Te section as shown in
Fig. 9. Finally, in a temperature range
around 850°C, single-phase zinc¢-blend 3 oc-
curs across the complete composition
range. From Fig. 6, it is seen that the lattice
parameter g varies linearly with y across the
zinc-blend g field.

For the x = 0 section, the revised 7T—z
diagram and the lattice parameter variation

are shown in Figs. 2 and 7. In the T—z dia-
gram, the form below 600°C is unchanged
(13), but above 600°C the shapes of some
of the fields have been altered, particularly
the B and (8 + 7) fields to be more consistent
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Fi1G. 2. T(z) diagram for x = 0 section ((CuGa),_,
Mn, Te;,): (O) DTA heating run, (@) DTA cooling run,
and (A) X-ray data.
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Fi1G. 3. T{(z) diagram for y = 3x section: (O) DTA

heating run, (@) DTA cooling run, and (A) from
X-ray data.
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Fic. 4. T(z) diagram for x = y sectton: (O) DTA
heating run, (@) DTA cooling run, and (A} from
X-ray data.
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FiG. 5. T(z) diagram for x = 3y section: (O} DTA
heating run, (@ DTA cooling run, and (A) from
X-ray data.

with the form of the z = 0 section. In Fig.
7, the variation of the lattice parameter a
with z is very similar to that shown pre-
viously (13).

The T—-z data for the sections y = 3x,y =
x, and x = 3y are shown in Figs. 3, 4, and
5 and the lattice parameter data for those
sections plus y = 7x in Fig. 8, From the
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F1G. 6. Vanation of lattice parameter a with x for
the z = 0 section (Cd, (CuGa),_,Te,): (@) measured
zinc-blend values, (A) measured chalcopyrite value,
() values from extrapolation to z = 0 of & vs 7 lines
(see Fig. 8).
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F1G. 7. Variation of lattice parameter a with z for (a)
the x = 0 section {(CuGa),__Mmn, Te,) and (b) the y =
0.5 section. In (a): (O) chalcopyrite annealed at 200°C:
(I)and (&) chalcopyrite quenched from 650°C, (+) zinc-
blend quenched from 650°C.
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FiG. 8. Variation of lattice parameter a with g for
various sections: (@) y = 0, (x)x = 3y; (+) x = y; (A}
¥y =3y ="Tr;{O) x = 0; (_._._} phase boundary;
{_.._.._) order—disorder boundary.
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FiG. 9. Composition diagram of Cu—-Ga-Mn-Te sys-
tem, showing Cu,Te-Ga;Te;-MnTe plane and
CuGaTe,~MnTe line.

X-ray data in Fig. 8, it is seen that there is
no single phase « in any of these sections,
although two-phase (o + B) fields occur in
the y = 7xand y = 3x sections corresponding
to that in the z = 0 section. In all cases,
there is a wide range of solubility in the zine-
blend 8 phase, the limit extending from z =
0.50 in the y = 7x section to z = 0.70 for
x = 3y. These values have been taken to
be the positions of the 8-(8 + ) phase
boundaries at ~300°C in the various sec-
tions as seen in Figs. 3, 4, and 5. In all
cases, the variation of the zinc-blend lattice
parameter a with z is seen to be linear, and
these lines all extrapolate to a value of ¢ =
0.6333 nm at z = 0, in good agreement with
the value obtained in other similar alloy sys-
tems (2, 3, 7, 8). Inthe y = Tx and y =
3x cases, the single-phase 8 field does not
extend to z = (, but extrapolation of the
straight lines gives values of a correspond-
ing to z = 0 and, as seen in Fig. 6, these fit
well with the experimental values deter-
mined for the other lines.

With regard to the T(z) diagrams for the
v = 3x, v = x, and x = 3y sections, the y =
3x section shows, as indicated above, the
two-phase (@ + 8)field at low z and tempera-
tures below 480°C and also, at higher tem-
peratures, a two-phase (8 + %) field corre-
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Fi1G. 10. Isothermal sections of the Cd,,(CuGa), Mny Te, at the temperatures indicated,

sponding to those occurring in the z = 0 and
x = 0 sections (Figs. 1 and 2). Except for
these two two-phase fields, the three sec-
tions show, in general, very similar form
one to another. In each case, the 3 field
extends to a z value in the range 0.6-0.7,
and at higher z values a two-phase (8 + v)
field occurs, v being the NiAs structure of
MnTe. Also in each section, in the vicinity
of 200°C, the zinc-blend-type phase changes
from a Mn-disordered 3 structure to the Mn-
ordered 8’ form, reported previously for a
number of alloy systems of this type (3, 6,
8, 10). It has been suggested (4, 5) that this
ordered structure is based on the stannite
form, but the detail of the structure has not,
as vet, been completely determined. At
about 100°C, a second ordering transition
occurs but no information on the lower field
has yet been obtained. In all three sections,
the 8 field is lost somewhere in the tempera-
ture range 800-1000°C, to be replaced by
two- and three-phase fields of the form (L +
B), (L + B8+ v), etc. The diagrams are com-
plicated in this range by the different struc-
tures which are shown by MnTe, and which
have been labelled progressively with tem-
perature as y, «, and w in Figs. 3, 4, and 5.
For these higher temperature fields, it is

clear from a consideration of possible tie-
lines that any 8 phase which occurs must
have a composition lying outside the compo-
sition triangle CdTe-CuGaTe,—~MnTe. In
the cases of the similar Hg,, (AgIn), Mn, Te,
and Hg,, (Culn),Mn,,Te, alloys (8), it was
indicated that the 8 field in those cases ex-
tended from the 8 solid solution between
AglInTe, (CulnTe,) and In,Te, to MnIn,Te,.
Figure 9 shows the corresponding phases,
CuGaTe, solid solution and MnGa,Te,, in
the present case. The structure of MnGa,Te,
does not scem to have been investigated,
but it is quite possible that a similar A field
exists in this system and that the high tem-
perature 3 phases in the present diagram are
related to it. From the five vertical sections
shown in Figs. I-5, plus that for the
CdTe-MnTe section (I8}, it is possible to
give reasonable estimates of various isother-
mal sections of the phase diagram. Such iso-
thermal sections for the temperatures 25,
650, 800, 900, 950, and 1000°C are shown in
Fig. 10.

Optical Results

Experimental values of the optical energy
gap E_ are shown for the sections x = 0 and
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Fi1G. il. (a) Variation of the optical energy gap E,
with z for the x = 0 section: (+) zinc-blend quenched
from 650°C, (*) chalcopyrite quenched from 650°C, (O)
chalcopyrite slowly cooled to room temperature, and
(A) extrapolated values at z = 1.0. (b) Variation of E,
with x for the z = 0 section: (A) zinc-blend slowly
cooled to room temperature, (O) chalcopyrite slowly
cooled to room temperature, (O) and (_.._.._) exirapo-
lated to z = 0 from ordered cubic range (see Fig. 12),
and (_._._) single-phase limit at room temperature.

z = 0in Figs. 11a and 11b and for the other
sections investigated in Fig. 12. In Fig. 11b,
it is seen that in the zinc-blend range of the
z = 0 section (Cd,, (CuGa),_,Te,), the value
of E, falls rapidly from the value of 1.50 ¢V
for CdTe with addition of relatively small
amounts of CuGaTe,, but for x < ~0.75
levels out and becomes almost constant,
Similar behaviour has been observed pre-
viously (2, 7, 14, 19, 20) for corresponding
alloy systems, e.g., Cd,,(Culn),_,Te,,
Cd, (Culn),_,Se,, Zn, (Agin),_Te,, etc.
Extrapolation of this E, vs x line indicates
avalueof ~1.1eVatx=0,i.e., forCuGaTe,
in the zinc-blend form. This will be dis-
cussed further below. The measured value
for E, for chalcopyrite CuGaTe, is shown
in Fig. 11b as 1.24 eV.

Values of E, for the x = 0 ((CuGa},_,
Mn, Te,) were published previously (13)
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and are reproduced in Fig. 11a for compari-
son purposes. Samples with z > 0.2 and
quenched from 650°C were found to be sin-
gle-phase zinc-blend and gave energy gap
values as shown. However, the sample with
z = 0.2 and quenched from 650°C had chal-
copyrite structure and gave an appreciably
higher value of E,. The variations of E, with
z for the other four sections involving Cu-
GaTe; are shown in Fig. 12. It is seen that
in all cases except for one point at z = 0.1
on the x = 3y section, the values obtained
in each section give a linear variation of E,
with z, and in ali cases these lines extrapo-
late to E, = 1.86 eV at z = 1. As shown
previously (2, 3, 6, 7}, the values of E, ob-
tained by extrapolation to z = I are charac-
teristic of the structure of the samples con-
sidered. Thus the Mn-disordered zinc-blend
B phase gives a value of 2.85 eV, the Mn-
ordered zinc-blend 8’ phase 1.85 eV, and
the Mn-ordered chalcopyrite a' phase 1.35
¢V, while the value for the Mn-disordered
chalcopyrite « phase has not been accu-
rately determined but appears to be in the
range 2,6-2.85 eV. Thus the present sam-
ples must be in the 8’ form. When consid-
ered in conjunction with the z = 0 point on
the same section, the differing point at z =
0.1 on the x = 3y line appears to be in the
a condition, the line joining the two points
extrapolating to £, = ~2.8eV atz = 1, as

FiG. 12. Variation of optical energy gap E, with z
for various sections; (@) y = 0; (x) x = 3y, (H)x =
v, (Ayy = 3x,and (O) y = 7x.
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indicated in Fig. 12. The intersection of this
line with that for the Mn-ordered zinc-blend
B’ phase gives the boundary between the
& ' fields and this is shown in Fig. 8 for
the x = 3y and x = y lines.

If the straight lines of E, vs z in the g8’
field are extrapolated to z = 0, again values
of E, corresponding to a zinc-blend form
with z = 0 are obtained, and these are shown
in Fig. 11b. It is seen that these are apprecia-
bly different from those measured for the
z = O alloys. Thus an attempt to find a value
of E, for CuGaTe, in zinc-blend form will
give different values depending upon which
extrapolation is used, e.g., the two values
of 1.10 and .03 eV obtained in the present
case. Taking a mean of 1.06 eV from these
two values with the experimental value of
E, for chalcopyrite CuGaTe, of 1.24 eV, the
difference between the chalcopyrite and
zinc-blend values is about 0.18 eV. Similar
estimates of this difference have been made
previously (5, 6, 7, 9, 13) for several other
[.I11. VI, compounds and values of the order
0.25 eV obtained. Various theoretical stud-
ies have been made to estimate the value of
this difference. Thus Zunger (21) indicated a
value of 0.4 eV, while Rincon (22) predicted
values lying in the range 0.42-0.50 V. The
present experimental values are appreciably
smaller than these theoretical ones.

Conclusions

The results show that although the range
of solid solution in the chalcopyrite phase
is very limited, there is a wide range of solid
solution in the zinc-blend phase. In all sec-
tions investigated, the ordering transition
B-pB' involving the Mn atoms was observed
at about 200°C. At higher temperatures, the
diagram in the vicinity of CuGaTe, is com-
plicated by the occurrence of a two-phase
field, (8 + n), where both phases lie outside
the triangular section being investigated
here. Also, at higher temperatures three
phase flelds occur, which probably involve
a phase of composition close to MnGa,Te,.
The Mn-ordering behavior, previously de-

2T

scribed for various similar 1-11I chalcopy-
rite systems, was observed at values of z
greater than ~0.1, but with transition tem-
peratures at only 200°C or less.

The values of the optical energy gap E,
showed similar behavior to those for associ-
ated chalcopyrite alloy systems, with E_ var-
ying linearly with z in the various sections
of constant ¢/a, and extrapolating to a value
of 1.86 eV at z = 1.0, typical of the Mn-
ordered zinc-blend B8’ alloys, as shown pre-
viously for other similar alloy systems.
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