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Polyerystalline samples of (Culn),(AgIn),Mng,Te, alloys are used in lattice parameter, optical
energy gap F, and differential thermal analysis (DTA) measurements and for various sections of
constant z/y ratio, 7'(z) diagrams are determined. The results indicate that for both the zine-
blende and chalcopyrite phases, ordering of the manganese occurs in the lower temperature range.
In contradiction of previous data, it is shown that at temperatures of 200 °C and below, the ordered
chalcopyrite o’ is the equilibrium condition over the complete range of solid solubility in the ada-
mantine structures. It is shown that the manganese ordering has negligible effect on the lattice
parameter but that appreciable laitice parameter differences can occur with different annealing
temperatures, these differences being attributed to changes in non-stoichiometry. However, the
value of E, is appreciably affected by the manganese ordering and it is shown that B, gives a very
convenient indication of the particular phase present in a single phase sample.

An polykristallinen (Culn)y(Agln),Mns,Te,-Legicrungsproben werden Messungen des Gitterpa-
rameters, der optischen Energicliicke £, und der differentiellen Thermoanalyse (DTA) durch-
gefiihrt und fir verschiedene Abschnitte mit konstantem afy-Verhiiltnis werden T(z)-Dia-
gramme bestimmt. Die Ergebnisse zeigen, daB sowohl fiir die Zinkblende- als auch die Chalko-
pyritphase im Niedertemperaturbereich Manganordnung auftritt. Im Gegensatz zu friheren
Werten wird gezeigt, daf3 bei Temperaturen von 200 °C und darunter, das geordnete Chalkopyrit
o’ die Gleichgewichtsbedingung tiber den vollstindigen Bereich der Loslichkeit in den Adamantine-
Strukturen darstellt. Es wird gezeigt, daB ManganordnungseinfluB auf den Gitterparameter ver-
nachlassighar ist, daB jedoch betréchtliche Gitterparameterdifferenzen bei unterschiedlichen
Temperungstemperaturen auftreten kénnen; diese Differenzen werden Anderungen in der Nicht-
stdchiometrie zugeordnet. Der Wert von E, wird jedoch, betriichtlich beeinfluBt durch Mangan-
ordnung und es wird gezeigt, dal E, in bequemer Weise eine spezielle Phase in einer Einphasen-
probe anzeigt.

1. Introduetion

In recent work [1 to 3], semimagnetic semiconductor alloys (SMSA) based on the
[-ITI-VI, compounds have been investigated. When the magnetic element concerned
Is manganese, in order to retain semiconductor behaviour, it is necessary to preserve
the electron-to-atom ratio by replacing the pair (I-IIT) by two Mn atoms so that a
series of alloys of the form (I-IIT); _,Mns, VI, have been produced and studied. In
most cases, the range of solid solution in the adamantine structure is large, up to
0.72 in the case of (Agln);_.Mny,Te, [2]. The composition range of these materials
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can be extended by including a II-VI compound or another I-I1I-VI, compound as
a further component. Thus the alloy systems Cdg,(Culn),Mns,Te,, Cda,(AglIn),Mnz,Te,,
Zng,(AgIn),Mng, Te,, and Zns,(Culn),Mny,Te, (x + y + 2z = 1) have been investigated
in some detail [1, 2, 4] with ranges of solid solution, lattice parameter, and optical
energy gap values being determined. The T'(z) diagrams of (Culn);_.Mny,Te, [5],
(AgIn); _,Mnsy,Te, [5], and (AgGa), —.Mng,Te, [6] have been reported and also the 7'(z)
diagrams of various sections of the Cds.(Agin),Mny.Te, system [7]. The magnetic
susceptibility behaviour has been studied for a number of such systems [6 to 10].
Here, the behaviour of the system (Culn)s(AgIn),Mng,Te, (x + y -+ z = 1) has been
studied.

In the case of SMSA based on the I1-VI compounds, e.g. Cd;._,Mn.Te,, the Mn
atoms are distributed at random on the cation sublattice at all temperatures. How-
ever, in the case of the I-I11-VI, derived alloys, various measurements have shown
[3, 5, 10] that while the alloys can be produced with this random Mn configuration,
the equilibrium condition at lower temperatures has the Mn atoms crystallographically
ordered (or partially ordered) on the cation sublattice. This ordering has a pronounced
effect on the optical energy gap values and on the magnetic properties so that the
behaviour of the Mn-ordered and Mn-disordered alloys of the same composition are
appreciably different {5, 10].

In order to investigate these differences, it is necessary to choose the heat treatment
of single phase samples of the alloys so as to produce the required Mn-ordered or
Mn-disordered conditions. For this purpose, a detailed knowledge of the 7' versus
composition phase diagram is required. In the present work, measurements of DTA,
lattice parameter, and optical energy gap values have been used to study the behaviour
and T'(z) diagrams of various sections of the (Culn),(Agln),Mns,Te, system.

2. Preparation of Alloys and Experimental Measurements

The compositions of the samples used in the measurements are shown in the composi-
tion diagram in Fig. 1. In order to produce useful 7'(z) diagrams, samples were chosen
to be on the sections given by y = 0, # = 3y, * =y, 3z =y, and & = 0. Also, since
the interest of the programme is in SMSA, in most cases the values of z were limited
to the range 0 < z < 0.7, and the MnTe-rich phases were not investigated.

All of the alloys used were produced by the usual melt and anneal technique [11}.
The components of each 1g sample were sealed under vacuum in a quartz capsule,
which had previously been carbonized to prevent reaction of the alloys with the
quartz. The components were then melted together at 1150 °C and homogenized by
annealing at a lower temperature. In all such multicomponent systems, the appro-
priate temperature of anneal is not easily determined until the 7' versus composition
diagrams is known. However, in the present case, the previous results for the sections
(Culn); _ Mny,Te, and (Agln);_,Mns,Te, [5] showed that a temperature of 600 °C
was satisfactory and this was used here. Initially, after this annealing, the samples
were air-cooled to room temperature, and these samples were then used for the
various measurements. However, it was found that the form of the T' versus compo-
sition diagram was such that annealing at lower temperatures could produce alloys
with different lattice parameters and energy gaps. This is discussed in more detail
below.

The use of standard closed-tube differential thermal analysis (DTA) measurements,
the determination of lattice parameter values using Debye-Scherrer and Guinier
powder X-ray photographs, and the measurement of the room temperature optical
energy gap by the standard transmission method have all been described in detail
elsewhere [1, 12, 13].
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3. Results and Diseussion

The T'(z) diagrams obtained for the various sections are shown in Fig. 2, while the
values of lattice parameter are given in Fig. 3 and 4 and the optical energy gap values
are shown in Fig. 5. It is necessary to discuss these various sets of data together
because of the effects each has on the others. Thus once phase boundaries have been
determined from the DTA measurements, suitable annealing temperatures can be
chosen for the samples used for the investigation of the variation of the values of
lattice parameter, optical energy gap, etc. However, some near-vertical phase bound-
aries, e.g. limits of solid solubility and boundaries between the chalcopyrite « and
zincblende § phases in the present diagram, are not easily detected from the DTA
measurements. The lattice parameter and optical energy gap data must be used to
provide the position of such boundaries. In addition, the optical energy gap data
(and magnetic susceptibility data) have been found to give the best indication of the
presence of ordering [5, 6]. In the present case, after the optical data had been ob-
tained, the DTA curves had to be re-analyzed to give ordering temperatures previously
not observed.

Turning to the individual results, Fig. 2a to e show the T(z) diagrams for the
sectionsy = 0,2 = 3y, & =y, 3z = y, and x = 0, respectively. In all of these sections,
the data at z = 0 are consistent with the results previously shown in the 7'(z) diagram
of the z = 0 section [14]. The labelling of the various phase fields is consistent with
that used previously for the initial 7'(z) diagrams of the y = 0 and & = 0 section [5].

Thus « is the Mn-disordered chalcopyrite (dc), o” the Mn-ordered chalcopyrite (oc),
f the Mn-disordered zincblende (dzb), and ' the Mn-ordered zincblende (ozb) phase.
These are the phases of main interest in the present work. In addition, v and 3§ are
the NiAs and NaCl structures of MnTe, respectively, while 8, is an In,Te,-rich phase
in the Ag,Te-In,Te, section. Both § and @, have compositions not represented by
points in the present diagram. It is seen that there are wide ranges of solid solubility
in all of the «, «’, 8, and ’ phases. However, in the T (2) diagrams previously presented
for (Culn);_.Mny,Te, (y = 0) and (AgIn); . Mny Te, (x = 0) sections [5], the limits
of the &’ phase were shown asz = 0.35 and z = 0.40, respectively. As indicated above,
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Fig. 1. Composition diagram for the (Culn)y(Agln),Mng.Te, alloy system investigated
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Fig. 3. Variation of lattice parameter a with compositionz. 0y = 0, Az = 3y, @ x = y,[J y = 3,
¢ x =0, z samples annealed at =~ 100 °C for several weeks, —.— limit of solid solubility in
adamantine phases

Fig. 4. Variation of lattice parameter o with composition y for alloys with z = 0.5; o samples air-
cooled from 600 °C, x samples annealed at = 100 °C

later measurements of magnetic susceptibility and optical energy gap showed that
the o’ phase could be present in both cases to the limits of solid solubility in the
adamantine phase [10]. Re-examination of the DTA data showed the presence at
temperatures in the range 100 to 200 °C of small peaks corresponding to the o'’
transition. The modified «'—f’ phase boundaries are shown in Fig. 2a and f. For the
other sections investigated here, the o'~ boundary showed the same form as is

200 ha T
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Fig. 5. Variation of energy gap E, with a) composition z; ® and x # = 0,0 and + 2 = y, @ and O
air-cooled from 600 °C, x and + annealed at ~ 100 °C; b) composition y. A z = 0, O 0.1, x 0.2,
v03,+ 04,005, @ 0.6
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indicated in Fig. 2b to d, i.e. in all cases, the oc o’ phase is the equilibrium condition
at these lower temperatures. When these o'’ transitions were being studied, in all
cases a further transition was observed at temperatures of 120 °C or below, and the
resulting lines are shown in Fig. 2. At the present time, there is no data to indicate
the phase conditions below these boundaries.

Initially, X-ray powder photographs were taken of the samples which had been
annealed at 600 °C and then air-cooled to room temperature. These photographs
justified the field labelling of Fig. 2. In most cases, the alloys showed what appeared
to be a zincblende phase and only for compositions close to AgInTe, the splitting of
the lines due to ¢/a < 2 was observed. Close to CulnTe,, no line splitting could be
observed since ¢ja = 2 in this case, but faint chalcopyrite ordering lines were observed.
For the 2 — 0 line, the value of ¢/a was found to increase from 1.966 at AgInTe,
to a value of 2.0 at z = 0.38 while for the z = 0 line, ¢/ increased from the AgInTe,
value to 2.0 at y = 0.62. The variation of @ for these samples is shown in Fig. 3. It is
seen for all except the 2 = y line that at low 2z values the @ versus 2 line is curved,
this effect being largest for thew = 0 andy = 0lines. At higher values of z, the @ versus
2 lines show straight line form up to the limits of solid solubility in the adamantine
phase. These limits can be seen in Fig. 3 as the points where the a versus z lines become
horizontal, @ showing a constant value in the two-phase range. In all of the cases
shown the second phase was MnTe. In all cases, the linear parts of the a versus z
curves are seen to estrapolate to the value of @ = 0.6335 nm at z =1, as has been
found for a number of different systems [1, 2, 11, 15].

In previous work [1, 2], it was assumed that the change in the form of the a versus z
line occurred at the composition at which the structure changed from chalcopyrite
to zincblende. The present curves are consistent with this suggestion provided it is
assumed that the samples represent conditions at = 400 °C, which is not unreasonable
for samples which were air-quenched from 600 °C. However, to investigate the lattice
parameter values for the chalcopyrite phase in the composition range which is zinc-
blende at 400 °C, samples with z = 0.3, 0.4, and 0.5 were annealed at 7' =100 °C
for several weeks. All of these samples gave X-ray photographs which appeared to
be zincblende, i.e. no line splitting was observed, although from the 7'(z) diagram and
the optical energy gap data discussed below, the samples contained an appreciable
amount of chalcopyrite phase. Thus it is seen that for the chalcopyrite phase at these
higher z values c/a = 2, even in the case of the (AgIn);_,Mn,,Te, section. The values
of the lattice parameter ¢ were determined for these samples, but only in the case of
the lines  — 0 and y = 0 the difference between these values and those for the
air-quenched samples was significantly different from the experimental scatter. The
values for the lines # — 0 and y = 0 are shown in Fig. 3. It is seen that using these
low temperature values, the variation of a with z is much closer to a straight line
with linear behaviour for z > 0.15 and with curvature only for z < 0.15. It is of
interest to note that these lines still extrapolate to the value of ¢ = 0.6335 at z = 1.
Previously [1, 2] it had been suggested that the curvature in the a versus z lines was
due to non-stoichiometry in the chalcopyrite phase. While this explanation probably
still applies to the curvature in the range 0 <z < 0.15, the question now arises as
to whether the effects observed in the water-quenched samples at higher values of z
are related to the change with increasing z from chalcopyrite to zincblende structure.
However, if this were the case, there should be no difference in lattice parameter
between the air-cooled and low-temperature annealed samples for the cases of z = 0.3
and 0.35 where both treatments produce chalcopyrite conditions. Thus it appears
probable that the differences in lattice parameter observed for a given composition are
still due to differences in non-stoichiometry and that these in turn are related to the
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temperatures at which the samples were equilibrated. With this in mind, it is of
interest to see the variation of ¢ with y for the z = 0.5 samples shown in Fig. 4.
For the samples annealed at low temperatures, the variation of ¢ with y is linear
within the limits of experimental error, indicating the same degree of non-stoichio-
metry for all samples. However, for the air-quenched samples the a versus z line shows
appreciable deviation from linearity, these deviations being of opposite sign for the
AgIn and Culn ends of the line. This appears to be related to the different directions
of curvature of the @ versus z lines close toz = O for the x = 0 and y = 0 lines. This depend-
ence of the degree of non-stoichiometry on the temperature of equilibration could ex-
plain the range of values of the lattice parameter listed in the literature for AgInTe, [16].

With regard to the optical energy gap values, again the majority of the values were
taken for the air-cooled samples and these are shown in Fig. 5. It is seen that E,
varies mainly with z, showing little variation with the x/y ratio. Thus to present
clearly all of the measured H, values, these are shown in Fig. 5b plotted as a function
of y for various constant values of z. However, in order to discuss the extrapolation
toz = 1, the variation of £, with z is shown in Fig. 5a for the casesof # = O andz = y.
It is seen that these K versus z graphs fall clearly into three sections. There is a small
range with z < 0.1 corresponding to the alloys with dc structure « [5]. As has been
indicated in previous cases [4, 6], these lines extrapolate to a value in the range 2.2
to 2.8 eV at z = 1, a value which characterizes the dc structure. However, the range
of z is too small for any accurate estimate of this aiming point to be made. In the
range 0.1 <z < 0.3, the E, values clearly extrapolate to an aiming point at z =1
of 1.35 eV, which is the value characteristic of the oc structure. Above z = 0.3, the
points lie on a different line which has an aiming point of 1.95 eV, characteristic of the
ozb structure [1, 2, 4]. Thus the air-cooled samples with z = 0.4 and 0.5 showed an
E, value typical of the ozb structure. Absorption measurements were then made on
the samples with z = 0.4 and 0.5, which had been annealed at =~100 °C. For these
samples, two absorption edges were observed. The lower energy values, as shown plot-
ted in Fig. 5a, fit well to the line corresponding to the oc phase, consistent with the
T(z) data. The higher E, values were found to be those of the ozb phase, indicating
that at this low temperature the annealing times had not been long enough to allow
the equilibrium conditions to be attained throughout the complete sample.

One further extrapolation which can be usefully carried out on the data in Fig. 5a
is the extrapolation of the E, values in the ozb range to z = 0. For the five different
x[y ratios investigated here, these extrapolated values lay in the range 0.7 to 0.85 V.
These represent the K, values for the compounds CulnTe, and AgInTe, and the inter-
mediate alloys in the cubic zincblende form, and the present data are in good agree-
ment with values obtained previously for these results indicating that, for this set
of compounds, the difference between the measured E, for the chalcopyrite form
and the extrapolated E, for the zincblende form is of the order 0.25 eV in each case.
Various theoretical studies have been made to estimate the value of this difference
(AE,) for the different chalcopyrite compounds. Thus Zunger [17] indicates that
AE, = 0.4 eV for most of these compounds, while Rincon [18] predicts values lying
in the range 0.42 to 0.50 eV for the compounds considered here. It is seen that the
values estimated by the present extrapolation method are appreciably smaller than
these theoretically proposed values.

4. Coneclusions

The DTA results indicate that the lines x = 3y, x = y, and 3z = y show very similar
T(z) diagrams to the « = 0 and y == 0 lines previously investigated [5]. However, for
all sections it is found, as previously indicated by measurements of magnetic suscep-
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tibility, that at low temperatures (below 200 °C) the o’ chalcopyrite phase extends to
the limits of solid solubility in the adamantine structure. Tt is then found, particularly
for the limiting sections x = 0 andy = 0, that the variation of lattice parameter d with
» is much closer to the linear form if measurements are made on samples annealed in
the temperature range of the chalcopyrite phase. Because the c/a ratio has the value 2
for z < 0.35, the difference between chalcopyrite and zincblende structures is not
easily observed in the X.ray photographs, but the measurements of optical energy
gap clearly indicate the presence of the chalcopyrite phase in the samples annealed
at low temperatures.

Extrapolation of the H, values to z = 0 in the zincblende range gives values of the
order 0.25 eV for the difference between the measured energy gaps of the chalcopyrite
materials and the extrapolated values corresponding to the same materials with
zincblende form. These values are appreciably smaller than the theoretically predicted
ones [17, 18].
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