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Abstract

The two-phase region in the system 2(ZnSe) . (CulnSe,);_, covers the chemical composition range 0.10 <x<0.36, in which a tetragonal
and a cubic phase are coexisting. The structural relation between both phases was determined by selected area diffraction (SAD) and
transmission electron microscopy (TEM). Both crystal structures are very similar and the extremely small mismatch of the lattice
constants of the tetragonal phase and the embedding cubic matrix phase allows for the grain boundaries to be virtually strain-free and,
therefore, without notable dislocations. The tetragonal phase forms grains of flat discus-like shape in the ambient cubic matrix, with the
short discus axis parallel to the tetragonal c-axis. TEM experiments proved that the discus-shaped tetragonal particles are collinear with
the (100)cup, (010)cup, and (001).yp, planes of the cubic phase. Cooling and annealing experiments revealed a near-equilibrium state only to
be realized for small cooling rates less than 2 K/h and/or for a long-time annealing with subsequent rapid quenching. Only then there will
be no cation ordering in both, the tetragonal domains and the parental cubic matrix phase. If, however, the samples are kept in a state far
away from the equilibrium condition both phases reveal Stannite-type cation ordering. Within the composition range of 0 <x<0.10 only
tetragonal 2(ZnSe),(CulnSe;),_,-alloys exist. At concentration rates above 36 mol% 2(ZnSe) only cubic structured solid solutions of
ZnSe and CulnSe; are found to be stable. However, in the range 36 mol% to about 60 mol% 2(ZnSe) tiny precipitates with Stannite-like
structure exist, too.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction results reported by Gremenok et al. [6-8] have confirmed

this idea. Hence, such alloys can expand the range of the

CulnSe, has been well-known for its potential of
photovoltaic applications [1] for quite some time. In
particular, expanding the band gap by alloying CulnSe,
with CuGaSe, has improved the properties of photovoltaic
devices [2,3], remarkably. By analogy with the 2ZnS-
CulnS, system [4], the electronic band gap at room
temperature may be expected to vary from E,(ZnSe) =
2.73eV [5] to Eg(CulnSe,) = 1.02eV [1] with the effect of
the concentration ratio of 2(ZnSe) in CulnSe,. Some first
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commonly used materials for absorbers and/or buffers in
thin film solar cells. However, for the system
2(ZnSe),(CulnSe,);_, there is only a very narrow compo-
sition range between 0.31<x<0.36 or 0.43<x<0.48
(cf. Table 1) for the two phases with tetragonal and cubic
structure to coexist. This means, there is a bit of a
confusion about the two-phase cohabitation range and its
temperature dependence. Moreover, there is little or no
sound knowledge about the nature, morphology and
segregation behaviour of the two phases. The aim of this
paper is to present new results, namely about the crystal-
lography, nucleation, growth behaviour, morphology and
the domain or grain sizes of the second tetragonal phase.
Emphasis is given to the two-phase cohabitation range at
room temperature and the temperature dependence of the
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coexistence boundaries between the two phases has been
determined within the subsolidus region in the system
2(ZnSe) (CulnSe,);_,. As shown later, our results deviate
considerably from the literature data [9—13].

2. Experimental

To investigate the nucleation and the growth of the
tetragonal phase (domains) within their embedding cubic
matrix and to determine the extension of the two-phase
coexistence field in the phase diagram we have adopted a
two-fold strategy:

(1) Pre-synthesized (pre-annealing at 900°C, 119 days)
samples of nominal compositions of Zng oCug 45
Ing 45Se and Zng30Cug35Ing35Se were sealed in evac-
uated quartz ampoules and heated up at a rate of
10K /h to 900 °C for 7, 9 or 10 days in order to establish
the cubic phase of the alloy. The procedure of the pre-
synthesis is described in more detail in Ref. [8]. Then,
the samples were cooled down to room temperature at
controlled cooling rates of d7/d¢t =2, 5, 10, 15 and
42 K/h (cf. Table 2). To avoid the loss of selenium while
annealing was in progress, the residual volume inside
the ampoules was filled-up with a bulk quartz cylinder.
These experiments yield nucleation and the growth rate
data of the tetragonal domains.

(2) Pre-synthesized samples (pre-annealing at 850 °C, 39 and
40 days) of nominal compositions Zngg4Cug 4glng4gSe,
Zn,05Cug 475100 4755€,  Zng0gCuo46lng.465€, Zng.10Cug.4s
Ing 45Se, Zng 15Cug425Ing.4258¢ and Zng »5Cug 375Ing 3755¢

Table 1

were heated up to 850°C at a rate of 10K/h, then
annealed for 12 days before they were cooled at a rate
of 10 K/h down to the final annealing temperatures that
are given in Table 3; Tjom is the temperature and ¢[d]
the duration (in days) of that final annealing. This long-
time annealing process was introduced to achieve a
near-equilibrium state in concentration and growth of
the domains and matrix phase. Eventually the samples
were quenched in ice-water. Samples treated in such a
way have been employed to determine the 7-x-
coexistence lines limiting the two-phase coexistence
range.

Transmission electron microscopy (TEM) samples were
prepared from the as-synthesized polycrystalline compact
material by means of mechanical grinding and, polishing
by Ar™" ion thinning. Typical ion milling parameters were a
4kV electric voltage, 0.5 mA beam current and an incident
beam angle between 11° and 13°. The TEM and high-
resolution TEM (HRTEM) were performed using a Philips
CM 200 STEM with super twin objective lens (point
resolution 0.23nm). To identify those diffraction spots
originating from cation ordering, SAD patterns for the
different structures, with and without cation ordering, were
simulated using the EMS-software package [14]. The
average chemical composition of the samples and the
specific compositions of the tetragonal domains and cubic
matrix were measured by EDX-analysis in the STEM. A
large beam diameter was used to determine the average
sample composition. To precisely measure the particular
compositions of the small domains and the surrounding

Literature data on the two-phase coexistence range in the system 2(ZnSe).(CulnSe;);_

Tetragonal phase Two-phase field Cubic phase Remarks Ref.

(chalcopyrite structure) (sphalerite structure)

0<x<0.31 0.31<x<0.36 0.36<x<1 At about 550°C [9,10]

0<x<0.43 0.43<x<0.48 0.48<x<1 [11], see also [12,13]
0<x<0.10 0.10<x<0.36 0.36<x<1 At room temperature This work

Table 2

Annealing temperature and time, cooling rate and chemical compositions for TEM-EDX measurements

Nominal Thom (°C)  thom (days) Cooling rate Average chemical Composition of Composition of
2(ZnSe) content (K/h) composition TEM-EDX tetragonal phase cubic phase

(mol%) (domains) (matrix)

30 900 10 2 Zn0_294Cuo,335In0_36c,Se n.d. n.d.

30 900 10 5 Zn0_295Cu0,334In0_3725e n.d. n.d.

30 900 10 10 Zno_zgSCu0_33gIn0_377Se n.d. n.d.

30 850 9 10 71 291Cuy 334In¢ 376S¢ Zny.145Cug 392100 4635€ Zn 35:Cu 306IN0.3425€
33 800 7 10 Zn0_3]4Cu0,337In0_34gSe n.d. Zno,347Cu0_306In0A347Se
30 900 10 15 Zng 33Cug 332100 331 Se n.d. n.d.

30 900 7 42 Zn0_275CuO,35OIn0_374Se n.d. n.d.

n.d. means the chemical composition could not be detected because of too small domain sizes and their mutual overlapping (extremely high domain

density). In that case it was not possible to determine the cubic phase composition, too. Their size, however, could be determined by TEM.
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Annealing temperature and time as well as chemical compositions as measured by means of TEM-EDX

Composition of tetragonal

phase (domains)

Composition of cubic phase

(matrix)

Thom (°C) Nominal 2(ZnSe) thom (days) Average chemical
content (mol%) composition TEM-EDX
850 0 6 Cuy .4851n0.5208€0.994 (1)
850 10 21 Zn0_097Cu0,4591n0_444Se (C)
800 25 21 Zng237Cug 378100 3855€ (C)
750 4 74 Zn 047Cu0.460I00.490S€ (t)
750 8 74 Zn,,979Cug .459In9 4625€
6350 15 10 Zng.148Cu0 419100 4345€
650 25 10 Zn.240Cug 37910 3825¢€ ()
610 15 40 Zng 150Cu0.4081n0.4425€ (c)
610 25 40 Zn »3,Cug 356In0.4125¢ (€)
600 25 22 Zng 233Cug 37310 3858€ (c)
450 15 73
450 25 73 Zng 243Cug 353109 3075¢
400 15 70 Zn,,156Cug.410In9.4355¢
350 15 68

Streaks, n.d.
Streaks, n.d.

Zn.060Cug.450In0.4315€¢
Zn, 124Cug 41210 4645€
Streaks, n.d.

Zn,086Cu0.420IN0.4345€
Streaks, n.d.

Streaks, n.d.

Zny.105Cuo.385In0.511S€
Zn.120Cug.411In9.460S€
Zny.105Cug.425In0.470S€
Zny.114Cug 395In9.491Se

Zn,097Cuq.450In0.4445€
Zn 537Cug 378100 3855¢
No cubic phase

Zn.19:Cug.400I00.4115¢
Zn.163Cug.404In0.4335€
71 240Cug 379100 3825€
Zng,186Cug.380I00.4335€
Zn »3,Cug 356I00.4125€¢
Zn 233Cug 373100 33385€
Zn.262Cug 307In0.4325€¢
Zn.204Cug 320100 3765€
Zn 319Cug 319In0 3635€¢
Zn 335Cug 320In0.3775€

All samples were quenched after long-time annealing. “‘streaks, n.d.”” means the chemical composition could not be detected because of too small domain
sizes (less than 10nm) and their mutual overlapping (extremely high domain density). The presence of these tiny domains causes diffuse scattering in
electron diffraction represented by streaks in the diffraction patterns. These streaks occur at positions characteristic of a tetragonal phase. In this case it
was not possible to determine precisely the composition of the cubic phase too. Therefore, it is assumed that the average composition should be
approximately equal to that of the cubic phase (c). (t) means that the sample consists solely of tetragonal material. If no average composition is quoted,

then because of the very inhomogeneous distribution of both phases.

matrix the spot diameter was reduced to about 5-10nm
(nano-probe mode). Of course, the EDX-system was
calibrated prior to all experiments. This means, the
Cliff-Lorimer factors kap have been determined by means
of standard samples, such as stoichiometric ZnSe, Cu,Se,
In,Se; and CulnSe,, respectively. The careful EDX-
calibration allowed the Zn-concentration to be determined
with an accuracy of +0.5at%. To ensure this level of
accuracy for all other results, the outcome of 12-15
individual local measurements of the composition para-
meters of the matrix and domains as well as the
composition values obtained from overall integral
measurements were averaged before finally compiled in
Tables 2, 3 and 5.

The lattice parameters were determined by X-ray
measurements on a Seifert XRD 3003-diffractometer using
Cuk, radiation (4 = 1.5418 A) and a secondary graphite
monochromator. To correct the sample displacement error
and the zero shift of the X-ray diffraction measurements,
GaAs or Si were added to serve as an internal standard
probe. The lattice parameters of single-phase samples were
calculated from the whole powder diffraction pattern with
the APX63 software package [15].

3. Results and discussion

3.1. Orientation relationship between tetragonal domains
and cubic matrix

Grains inside the polycrystalline 2(ZnSe)(CulnSe,);_,
specimens, which are in (110), (100), (010) and (001)
orientations, were selected to determine the orientation
relationship between the tetragonal domains (x-phase) and

the cubic phase matrix (f-phase). The tetragonal domains
always appear as a part of a discus, that aligned in a grid-
like rectangular pattern (see Fig. 1). The sample shown in
Fig. 1 represents one in a near-equilibrium state (due to
long-time annealing). It appears that the regions between
the visible large domains are virtually free of any smaller
ones. If, however, the samples are in a non-equilibrium
state, then again a rectangular grid of large domains (called
type-A) is formed but between these large domains many
much smaller ones (named type-B) of the same chemical
composition and orientation are found. This looks similar
to the morphology found in the two-phase region of the
2(ZnS) (CulnS,);_, system [16]. It seems that under
equilibrium conditions the small domains gradually dis-
solve and eventually disappear all together. Then, as seen
in Fig. 1, large domains of type A become dominant and
only some small amount of type B-domains residue (some
examples are marked in Fig. 1).

As confirmed by selected area diffraction (SAD), the
tetragonal c-axis aligns always with the short axis of the
discus and the tetragonal a- and/or b-axis lie parallel to its
long axis (cf. Fig. 1).

Comparing the contrasts caused by the domains in (001),
(100), (010) and (110) oriented grains, the flat discus-like
bodies of the tetragonal phase (t) have to be arranged
parallel to the (001)c, (100)c and (010)c planes of the cubic
matrix (c) as depicted schematically in Fig. 2.

3.2. Growth behaviour of domains
To gain more information on the growth behaviour of

the tetragonal domains, the same samples (average 2(ZnSe)
content about 30 mol%) that were subjected to a controlled
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tetragonal

Fig. 1. (a) TEM dark-field image of tetragonal domains (1 and 2) and cubic matrix (3). Beam direction close to bd =

tetragonal

[001]. The reflections used for

imaging are encircled in the SAD pattern (see inset above). The average 2(ZnSe) content of the sample annealed at 350 °C is about 15mol%, that of the
tetragonal phase is Zng,114Cug 395In9 491 Se and the cubic matrix consists of Zng 335Cug 320I1n0.377S¢. (b) The SAD diagram (1) results from the domain 1.
(c) The SAD diagram (2) is obtained from domain 2 only. The SAD (3) shown in (d) originates entirely from the cubic matrix. The SAD pattern shown as
inset in (a) is formed by superimposing of all three patterns. Due to long annealing time (see Table 2) this sample is in near-equilibrium state and, therefore,
additional reflections caused by cation ordering are missing. The meaning of A and B is explained in the text.

cooling (cf. Table 2) have been examined by TEM dark-
field observation. The length of the domains was measured
on the micrographs (see Fig. 3). These values and, in
addition, the time of domain growth are given in Table 4.
Fig. 5 (phase diagram) indicates the domain nucleation to
commence at temperatures of 7= 555°C and to stall at
T = 300 °C. Thus, the time for the domains to grow equals
the cooling time through this temperature range of
AT = 255K for the various cooling rates. According to
Fig. 4, the growth of domains should be driven by diffusion
(~t"?) just as for the sulphide system [16]. The dotted lines
in Fig. 4 fit to the expected Cgtl/ 2 dependence, where Cy is
the average growth rate constant considering both the
nucleation and growth. Its value is found to be about
1.86nm/min'’? for the length and 0.31 nm/min'/? for the
width within the temperature range of 555 and 300 °C and
for the given average sample composition of 30mol%
2(ZnSe) in 2(ZnSe),(CulnSe;); . Hence, the growth

constant differs for the lateral (width of domains) and
longitudinal (length of domains) growth. For temperatures
<300°C the diffusion is assumed to be too slow for a
remarkable domain growth, i.e. the growth of domains is
completed.

3.3. Phase diagram

Based on the data given in Table 3 we can complete the
phase diagram by the lines defining the two-phase
coexistence area (see Fig. 5). These results are considerably
different from those reported in the literature (cf. Table 1).
Apparently, the DTA method (differential thermo-analy-
sis) used there to determine the coexistence lines is
inadequate, because the phase separation that leads to
the formation of domains is diffusion driven and takes too
long a time to complete. Therefore, a correct interpretation
of DTA data must be doubted. However, we are quite sure
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Fig. 2. Schematically drawn orientations of the discus-shaped tetragonal
domains within their embedding cubic matrix (made by [21]).

Fig. 3. TEM dark-field image from the reflections encircled in the SAD
pattern (see inset). The average composition of the sample is
71 294Cuq 335100 360S¢. The cooling rate was 2 K/h.

Table 4
Domain length and width for different cooling rates
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Fig. 4. Domain length versus growth time (length of stay). The
average 2(ZnSe) content of all samples under consideration was
about 30 mol%.
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Fig. 5. TEM-EDX determined range of the two-phase region for dif-
ferent temperatures (terminated by full lines). The temperatures have an
error of +10K. The bold squares represent the composition of the
tetragonal phase and the bold circles that of the cubic one. The two-
phase coexistence area is found between both dotted lines first as
reported by [9,10].

Cooling rate

Time period

Average length

Minimum length

Maximum length Average width

Minimum width ~ Maximum width

(K/h) (min) (nm) (nm) (nm) (nm) (nm) (nm)
2 7650 152 67 394 23 12 43
5 3060 73 39 114 13 8 21
10 1530 111 51 218 19 13 31
10 1530 102 31 272 17.8 25.8 9.7
15 1020 52 30 95 11 6.4 16.5
42 364 42 27 56 8 5 12

The average 2(ZnSe) content in the 2(ZnSe).(CulnSe,);_, was always x=x0.3. All samples were annealed at 900 °C and then cooled down to room
temperature at different cooling rates. The length of domains was measured by TEM, only. Domain growth starts at 555°C. Due to hardly noticeable
diffusion further growing is assumed to stall at 300 °C (see Fig. 5). Hence, the domain growth regime expands across AT = 255K controlled by specific

cooling rates given in the table.
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Fig. 6. TEM-EDX determined range of the two-phase region for room
temperature. Note, the 2(ZnSe) concentration of the matrix approaches
more and more the approximated equilibrium value (above dotted line) as
the cooling rate decreases, cf. the sample close to 10 mol% 2(ZnSe). The
numbers at the full circles are the applied cooling rates (in K/h).

of having determined the position of these phase boundary
lines accurately within an error margin of +1mol%
2(ZnSe) because the concentration measurement of
individual domains and the matrix was performed inde-
pendently and separately by TEM-EDX. The near-
equilibrium compositions of the domains and matrix at
room temperature were estimated from Fig. 6 using the
data of Tables 2 and 5. Only the results of the cooling
experiments were considered in Fig. 6. It should be noted
that the 2(ZnSe) content deviates off the dashed line the
more the cooling rate is increased. This is obvious for the
matrix composition (cubic phase—/f}). Due to diffusion of
mainly Cu and In towards the domains (tetragonal phase—
o) the matrix composition has to be changed accordingly
because remaining Zn stays within the matrix. Therefore,
the matrix is gradually enriched with Zn, whereas the
2(ZnSe) content in the domains remains more or less
constant for the various cooling rates. This result is
reflected in the relatively weak domain scattering (bold
squares in Fig. 6).

The reason for the large 2(ZnSe) concentration in the
domains as shown in Fig. 5 at about 650 °C cannot be
explained for sure. Perhaps, this effect may be caused by
the existence of another yet unknown phase or a non-
equilibrium state in the sample. A similar behaviour has
been observed for the sulphide system, too [16].

In the following the composition range for 2(ZnSe)
between 0.36<x<1 is discussed only. As to be concluded
from Table 5 and Fig. 5 (for >36mol% 2(ZnSe) in
2(ZnSe) (CulnSe,),_,) these samples are free of any larger
domains as shown in Figs. 1 and 3. However, within the
SAD patterns, streaks (or diffuse reflection lines) appear
which pass through positions that can be expected for
diffraction spots from a tetragonal phase, possibly
Stannite. It was impossible to determine the chemical

composition of these extremely small domains (length less
than about 10 nm). The simulation of SAD patterns from a
Stannite-like structure (here Zn,CulnSe; space group
I42m) provides the reflections exactly at these positions.
Since the observed domains (Fig. 7) are extremely thin
(about 5nm) the diffraction spots degenerate to streaks
(inset in Fig. 7). They appear for 2(ZnSe) contents between
36mol% and approximately 60 mol%. Strictly speaking,
the Stannite structure, i.e. (ABD»);_(CD),,, is defined
exactly at x = 0.5. At this composition a cubic phase has
an ideal fcc lattice structure with each site of single
occupancy by ecither atom A, B or C. Thus, a cation
ordered Stannite phase is to be expected for the specific
composition x =0.5. At any higher 2(ZnSe) content
(>60mol%) the cubic phase is free of any other phases
and no diffraction spots and/or streaks are observed in the
SAD patterns. Hence, the appearance of the additional
reflections in the diffraction patterns proves the existence
of a tetragonal phase like Stannite which was theoretically
predicted by Newman and Xiang [17], Osorio et al [18] as
well as Ni and Iwata [19]. According to their predictions
this Stannite-type phase should be metastable in the
composition range under consideration. This is confirmed
with our experimental results; however, this phase appears
to be more pronounced in rapidly cooled non-equilibrium
state samples (cf. Fig. 7).

3.4. Lattice parameters

The lattice parameters of 2(ZnSe),(CulnSe,);_, single-
phase powder samples are determined from X-ray and
neutron [20] powder diffraction measurements (Fig. 8). It
was found that within the single-phase regions of the solid
solution series the lattice parameters follow Vegard’s rule,
i.e. they depend linearly on the chemical composition
(more details see [20]). By alloying CulnSe, into 2(ZnSe)
the cubic lattice parameter a.,, increases because the
atomic radii are ryp+ >ry2+ Whereas ro+ = ry . On the
other hand, by alloying 2(ZnSe) into CulnSe, the tetra-
gonal lattice parameters a,; and c¢,, decrease with in-
creasing 2(ZnSe) content.

4. Summary

The two-phase region in the system 2(ZnSe),
(CulnSe»);_, was investigated in the chemical composition
range 0.10<x<0.36. In this composition range a tetra-
gonal and a cubic phase coexist. Because of their related
crystal structures and the extremely small misfit between
the tetragonal phase and the embedding cubic matrix their
interfaces are nearly strain-free and, therefore, without any
dislocations. The tetragonal phase which grows from the
cubic matrix during the phase separation remains em-
bedded into the cubic matrix and has the shape of a flat
discus. The short extension of the discus is parallel to the
tetragonal c-axis. TEM experiments proved that the discus-
like particles have a tetragonal structure and are aligned
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Fig. 7. TEM dark-field image of extremely small “domains’ of Stannite-
like structure. The average composition of the sample is
Zng 350Cug 291100 318S¢ and the cooling rate was 10 K/h. Beam direction
close to [001].
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Fig. 8. Lattice parameters of 2(ZnSe),(CulnSe;),_, single-phase samples
versus chemical composition. Solid lines represent a linear fit to the data,
dotted lines mark the two-phase field. Solid symbols refer to lattice
parameters determined by neutron powder diffraction [20].

with the (100)c, (010)c and (001)c planes of the cubic
matrix. Long-time annealing experiments followed by
rapid quenching are suitable to prepare samples near to
equilibrium concentrations. However, cooling experiments
revealed a near-equilibrium state only to be realized for
cooling rates <2 K/h. Then, the tetragonal domains as well
as the embedding cubic matrix are free of cation ordering.
If the samples are far away from the equilibrium state both
phases are infected by Stannite-type cation ordering.

Within the composition range 0<x<0.10 only tetragonal
2(ZnSe), (CulnSe2);_, alloys exist. Generally, above
36 mol% 2(ZnSe) to pure ZnSe solid solutions of ZnSe
and CulnSe, with Sphalerite-like structure are stable.
However, in the range from 36 mol% to about 60 mol%,
2(ZnSe) tiny precipitates with Stannite-like structure exist
as confirmed by the occurrence of streaks in the selected
area diffraction patterns.
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