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The T(z) diagram of the system Zn,_,Mn,Ga,Se, was obtained
from X-ray diffraction and differential thermal analysis measure-
ments. It was found that at lower temperatures, a single phase
solid solution occurs across the whole composition range and val-
ues of the lattice parameters were determined as a function of z.
At higher temperatures, an order—disorder transition occurs to
what is probably a partially ordered tetragonal structure when 0 <
z < (.83, and to a disordered defect zinc-blende structure when
0.83 < z < 1.0. In the T(z) diagram, it is found that all of the
phase boundaries show discontinuities at z = 0.83. Although the
two terminal compounds have very similar tetragonal structures,
they have different space group symmetries, and hence the discon-
tinuities at z = 0.83 are attributed to an abrupt change in space
group symmetry at this composition. The values of the optical
energy gap are found to show a similar discontinuity at the same
composition. Two other similar alloy systems have recently been
found to show similar behavior, and the results for the three sys-
tems are compared.  © 1995 Academic Press, Inc.

INTRODUCTION

Semiconductor materials containing manganese are of
interest because of the manner in which the magnetic
behavior associated with the manganese can modify and
complement the semiconductor properties (1, 2). It has
been found that adamantine compounds with tetrahedral
coordination can accept a large amount of manganese in
cation substitutional solid solution. Well-known exam-
ples of such materials are the alloys based on the 1I-VI
compounds, e.g., Cd,_,Mn,Te (1). Similar alloys can be
obtained by introducing manganese into the equivalent
ternary compounds, the tetrahedrally coordinated 1-111-
VI, chalcopyrites, e.g., (Culn),_,Mn.T¢; (3). Other com-
pounds that show the tetrahedrally bonded form are
some of the [1-111,-V1,; compounds, ¢.g., CdGazTey and
Cdln;Te4. In these materials, Mn can be made to replace
the divalent elements Cd, Zn, etc. Complete replacement
gives the compounds MnGa,Ses, Mnln;Te,, etc., and it
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has been shown that complete solid solution occurs be-
tween corresponding Cd and Mn compounds, i.e., in the
systems Cd,_,Mn.Ga,Se, (4) and Cd, -,Mn,In;Te, (5). All
four of the compounds involved in these alloy systems
have a defect tetragonal structure, the two Cd com-
pounds having /4 symmetry (6, 7) and the Mn compounds
I42m symmetry (8). For the cases of the two Cd com-
pounds and MnGa;Sey, the lattice vacancies and the
Ga/In and Cd/Mn atoms are all ordered on the cation
sublattice, but for MnlIn;Te,, while the lattice vacancies
are ordered, the Mn and In atoms are disordered on the
occupied cation sites. In both alloy systems, the change
in space group is observed as a discontinuity in various
phase boundaries in the T(z) diagram, but for the optical
energy gap E,, a discontinuity in the E, vs T curve was
observed in the Se system, but the Te alloys showed a
linear variation of E, with T with no discontinuity. The
effects of ordering of the Cd and Mn atoms on the cation
sublattice is seen from the magnetic properties (9), the
magnetic behavior of MnGa;Se, and Mnln;Te, being very
different.

Al room temperature, the compound ZnGa,Se, has the
same defect tetragonal structure as CdGa,Seq, with I4
symmetry and with all the cations ordered (7). In the
present work, the 7(z) and E, data have been obtained for
the Zn,_,Mn,Ga,Se, alloy system, and its behavior com-
pared with that of the systems described above.

SAMPLE PREPARATION AND EXPERIMENTAL
MEASUREMENTS

Alloy samples of Zn,-,Mn,Ga,Se; with various values
of z were prepared by the usual melt and anneal tech-
nique. The components of each 1.0-g sample were sealed
under vacuum in a quartz capsule, melted together at
1150°C, annealed to equilibrium at 500°C, and slowly
cooled to room temperature. Previous experience indi-
cates that for this type of alloy, this procedure gives sam-
ples showing conditions corresponding to equilibrium at
200-300°C. Guinier X-ray powder photographs were
used to check the conditions of each of the resuliing sam-
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ples and to determine values of lattice parameters as a
function of z, germanium being used as an internal stan-
dard.

Transition temperatures were determined from differ-
ential thermal analysis (DTA) measurements with silver
used as a reference material. The charge was of pow-
dered alloy of typical weight 50 to 100 mg. The tempera-
tures of the sample and the reference were determined
with Chromel-Alumel thermocouples, the difference sig-
nal between the sample and the reference and the temper-
ature signal being continuously recorded. For ¢ach peak
in the difference signal, a phase transition temperature
was determined from the baseline intercept of the tangent
to the leading edge of the peak (10). Both heating and
cooling runs were made, the average rates of heating and
cooling being approximately 15°C/min.

Slices of each sample were cut and thinned by the
usual method (11) to give specimens for optical absorp-
tion measurements. Values of In(Iy/1), where Iy and [ are
respectively the incident and transmitted intensities,
were determined as a function of photon energy hv and
corrected by subtracting a background value to give the
absorption coefficient a. Graphs of (asv)® vs hr were
then used to give values of the optical energy gap E,.

RESULTS AND ANALYSIS

In all cases, the X-ray photographs for the samples
prepared as described above showed single phase behav-
ior. Analysis of these data indicated tetragonal structure
with lattice parameter ¢/a ratios of a little less than 2,
consistent with the earlier results for the compounds.
Faint ordering lines were observed, consistent with the
space groups {4 and I42m reported previously. It is found
that, within the limits of experimental error, both @ and ¢
vary linearly with z, no discontinuity being observed in
either case. A least-squares fit to these data gave values
of g = 0.5531 + 0.0146z (nm) with R = 0.999, ¢ =
1.0948 — 0.0182z (nm) with R = 0.999, and ¢/a = 1.980 —
0.083z with R = 0.999. The experimental variations of the
parameters a and ¢/a with composition z are shown in
Fig. 1, together with the fitted lines. As seen from these
values, while 4 increases with increasing z, ¢ decreases.
The data show that the volume of the unit cell increases
from 0.3349 nm’ at z = 0to 0.3465 nm’ at z = 1, but that in
the same range the X-ray density decreases from 5.160 to
4.886 g/cm?®. The lattice distortion &, given by 8 = 2 —
c/a, correspondingly increases from 2.0 x 107? to
10.5 x 1072,

The T(z) phase diagram obtained from the DTA data is
shown in Fig. 2, where the estimated relative accuracy of
the points is =15°C. For z = 1, i.e., MnGa;Se,, it is seen
that three transitions are observed, corresponding to the
behavior observed in the Gay-,Mn;,Se; diagram (12) at
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FIG. 1. The variation of lattice parameters a and c¢/a with z for
Zny_ Mn,Ga,Se, alloys; (@) experimental values, (—) lines fitted to the
linear equation,

z = (.25. Thus at room temperature, this y phase occurs
with I42m symmetry, but it disorders at 660°C to a defect
zinc-blende form 8, in which the cations and lattice va-
cancies are arranged at random on the cation sublattice.
Atz =0,1.¢., ZnGa,Se,, the room temperature phase « is
again tetragonal, with the c/a ratio a little below 2.0, and
reported by Hahn ez al. (7) to have I4 symmetry. Phase
transitions are observed at 455 and 940°C, with the melt-
ing point 1138°C. From comparison with the results for
CdGa,Se, (6), it is suggested that between 4355 and 940°C
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FIG.2. The 7(z) diagram for Zn,_ MnGa,Se, alloys; (O) DTA heat-
ing run, (@) DTA cooling run; «, ordered I4 structure, «, partially
disordered tetragonal structure, ¥, ordered {42m structure, B, disor-
dered defect zinc-blende structure.
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FIG. 3. Variation of optical energy gap E, with z for

Zn,_,Mn,Ga,Se, alloys; (@) experimental values, {—) fitted curves.

the compound has the partially disordered tetragonal
structure, described previously for CdGa,Se,, labeled
here o', and that above 940°C the structure is the disor-
dered zinc-blende B observed in most of these com-
pounds at higher temperatures.

Over most of the diagram, the behavior is similar to
that for ZnGa,Se4, showing the «, o', and 8 phases, with
the a-o’ boundary increasing in temperature with in-
creasing z and the &' —8 boundary decreasing. However,
a change in form: occurs close to z = (.8 and at z values
greater than this, the behavior is similar to that of
MnGa;Se,, showing the v and 8 phases. Thus the a'-8
boundary terminates at z = .8, while there is a discontin-
uity between the o'-a and y—8 boundaries. This indi-
cates that in this system, the space group transition from
14 to 742m occurs near z = 0.8.

The variation of the optical energy gap E, with z is
shown in Fig. 3. In this case, a discontinuity is clearly
seen between the z values of 0.8 and 0.85. For the a
phase, 0 < z < 0.8, the variation of E, with T can be well
fitted with a quadratic form giving

E, = 2,198 — 0.249z + 0.382z eV with R = 0.942.

This form of variation has been observed previously fora
wide range of semiconductor alloys (13-15). In the range
of the y phase, 0.85 < z < 1.0, there are insufficient data
to say whether a quadratic variation occurs. However, a
linear fit to the available values shows clearly the discon-
tinuity between z = 0.8 and z = 0.85,

DISCUSSION

As with the alloy systems Cd,-.Mn,Ga,Se; and
Cd,_Mn,In,Te, discussed previously (4, 35}, the
Zn;-,Mn,Ga,Se, alloys show single phase solid solution
across the complete range of composition, but the space
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group symmetries of the two end compounds are differ-
ent, so that there must be a change in symmetry some-
where in the composition range. This symmetry change
involves only the change in site of some of the III atoms.
Thus, if a II/Mn site is taken as the origin, the change
involves the movement of Il atoms from 4, $,0and 0,0, 4
sites in the /4 case to 0, 4, 2 and %, 0, % sites in the I42m
case. Experimentally, this change is observed in all cases
as a discontinuity in some of the phase boundaries in the
T(z) diagram, and the form of these discontinuities indi-
cates that the symmetry change occurs abruptly at some
composition in each system and not gradually over a
range of alloy compositions. For the Cd,-,Mn Ga;Se, al-
loys, the discontinuity is most clearly observed in solid—
solid phase boundaries, the discontinuity in the bound-
aries involving a liquid phase being relatively small. For
the present Zn;_.Mn,Ga,Se, case, discontinuities can be
scen in the phase boundaries involving only solid phases.
In the previous systems, the change in symmetry has
occurred close to the center of the system, being at
z = 0.5 for Cd.Mn,In;Te; and at z = 0.6 for
Cd;_Mn,Ga,S¢y4. For the present system, the symmetry
change occurs closer to MnGa,Se,, i.e., at a z value in the
range 0.80-0.85, possibly indicating the higher stability of
the ZnGa,Sey structure.

With regard to the lattice parameter values, these are
less affected by the symmetry change. Thus, for the
Cd, -, Mn,Ga,Se, alloys the parameters ¢ and ¢ vary lin-
early across the complete composition range with no dis-
continuity, while with the present Zn,_.Mn,Ga,Se, al-
loys, any discontinuity in the a or ¢ values is compar-
able with the experimental error. However, for the
Cd, -;Mn,In;Te, case, there is a discontinuity in the value
for a at the symmetry change and also the slope of a vs z
changes from positive below the transition to negative
above. In the case of the optical energy gap E, values, a
discontinuity is observed in both the Cd,_.Mn,Ga,Se,
and Zn;..MnGaySe, <cases but not for the
Cd,_.Mn_In;Te, alloys.

In all cases, the lattice parameter values vary linearly
with z, but the variation of the energy gap E, with z is
different in the three systems. For the Cd;_ Mn,In,Te,
alloys, the variation of E, with z is linear, but for the
other two systems shows quadratic form. However, the
bowing parameter C (i.e., the coefficient of the z? term) is
negative for the Cd,-,Mn,Ga,3e,4 alloys and positive for
the Zn, . Mn,GaSe, case, The latter form is the far more
common one in semiconductor alloys, and the value of
C = 0.382 is very similar to that for many alloy systems
(13, 14),
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