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Cleavage and Twinning in CulnSe; Crystals
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Abstract

A study was made of the cleavage and twinning charac-
ter in single crystals of the chalcopyrite CulnSe;, copper
indium diselenide, grown in the laboratory by a vertical
Bridgman method. In this material, with a ¢/a ratio of
2.006, the two main cleavage orientations were found to
be {101} and {112} (corresponding to the descriptions
{201} and {111}, respectively, in a cubic lattice). The
plane identifications were made by measuring angles
between adjacent cleaved surfaces and verifying the
orientations by X-ray Laue and diffractometry. Cleavage
was also found less frequently in a {110} plane, but
here microscopic examination of the surface revealed
it to consist of ridges in a <110> direction, where
the microplanes on either side of a ridge edge were
{112} planes. Twinning in the grown crystals was found,
by angle measurements and X-ray diffraction, to occur
along {112} planes, which is similar to the result in face-
centred cubic, diamond and zinc blende lattices, where
they are the corresponding {111} planes.

1. Introduction

The chalcopyrite CulnSe, is an important candidate
material for thin-film solar cells on account of its high
optical absorption coefficient and chemical stability.
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While thin films of the compound for this application
are likely to be polycrystalline, due to the economics
of device fabrication, there is evidence of improved
performance with the preferred orientation of the grains.
Because of this and a need for determination of its
fundamental properties, plus the easier handling of bulk
material for etching, polishing and annealing studies,
single crystals of CulnSe, have been grown in this
laboratory, employing a one-ampoule vertical Bridgman
method. Using suitable techniques (Shukri, Champness
& Shih, 1993; Yip, Shih & Champness, 1993) the result-
ing crystals are found to be void-free, microcrack-free
and uniform in composition and conductivity type n or p.
The present paper is an experimental investigation of the
cleavage character of these crystals, all of which were p-
type, prepared from stoichiometric starting proportions
of the elements copper, indium and selenium in high-
purity form.

In earlier work by Massopust, Ireland, Kazmerski &
Bachmann (1984) it was reported that CulnSe; single
crystals could be easily cleaved along {110} planes, but
it is possible that this was a mistake in plane description
for a chalcopyrite lattice (with a c/a ratio close to 2)
and {101} was meant instead, as already reported for
the chalcopyrite mineral CuFeS; by Wolff & Broder
(1959). More recent results for CulnSe; by Yip, Weng,
Li, Shih & Champness (1991) indicated cleavage along

Fig. 1. Chalcopyrite unit-cell
schematic diagrams, indicating
the three principal cleavage

planes: {112}, {110} and {101}.
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Table 1. Angle measurements between macroscopic cleavage planes in CulnSe, crystals

Only those angles between planes having a common edge are included. The total number of angles (edges) measured was 22. The total number of
samples was 11. Accuracy of measurement +0.1°. Angle calculated assuming the chalcopyrite unit cell has a ¢/a = 2. Measurement of defining
planes was carried out to confirm the crystallographic plane provided the cleavage was large enough.

Angle frequency

Angle (°) Defining planes Plane identification (number of samples

Measured  Calculated {HKL}-{hkl} Laue XRD measured with angle) Comments

39.4 39.23 {112}-{101} On both On both 2

Planes Planes

50.8 50.77 {110}-{101} {110} {110} 2

53.3 53.14 {101}-{101} Both Both 2

70.5 70.53 {112}-{112} Both Both 1

75.0 75.04 {112}-{101} {112} Both 3

78.6 78.46 {101}-{101} Both Both 3

90.1 90.0 {112}-{110} Both {110} 2 A 90° angle was not observed between

{110} planes

180.1 180.0 {112}-{112} Both — Parallel {112} cleavage
180.2 180.0 {101}-{101} Both - 1 Parallel {101} cleavage
150.3 None {101}-{101} Both Both 5 Angle between twin crystals

measured, as described in the next section, and found
to be about 70°. This indicates that the side planes are
{112} microplanes.

Confirmation of the crystallographic orientation of the
planes was carried out using X-ray diffractometry, on
a Rigaku diffractometer model D/Max-2400 with the
Ka beam from a copper target. Fig. 4 shows an X-ray
diffractogram of a {112} cleaved plane, scanned between
10 and 100° of 26, where 6 is the Bragg angle. The
principal peak, shown at a 26 value of about 26.51°,
corresponds to a lattice d spacing of 3.359 A, which is
in accordance with that from powder diffraction data.
Less intense second- and third-order reflections from the
parallel {224} and {336) planes are also noted, where
the Bragg condition is also satisfied. It is noted here
that the weak {224} peak, measured on a single crystal
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Fig. 4. X-ray diffraction scan of the { 112} cleavage surface in CulnSc>,
showing an intense peak from the {112} planc and weaker peaks
from the {224} and {336} plancs. Notc that thc ordinatc is a
square-root scalc.

surface, is not observed in the diffraction pattern of a
powdered sample of this material. Diffraction patterns
were also taken on cleaved {110} and {101} planes
(not shown). In the former case the strongest peak
corresponded to the {220} plane at 26 =44.18°, but
{110} and {440} peaks were also observed. The third
order reflection, from the {330} plane, was not apparent
but this is forbidden, at least in the diamond structure.
The diffraction pattern from a cleaved {101} plane (not
shown) indicated {101}, {303}, {404} and {505} peaks,
but no second-order {202} reflection.

Fig. 5 shows characteristic Laue X-ray refiection
photographs of the three cleavage planes, along with
schematic diagrams of the corresponding spot patterns.
Shown also are the axes of symmetry in each case. Here,
it is easy to see that the {112} plane has three such
symmetry axes, as indicated by the broken lines in Fig.
5(a), while the {110} has two axes (Fig. 5b) and the
{101} only one axis of symmetry (Fig. 5c¢).

3. Angle measurements

The cleaved CulnSe; samples exhibited angles where
two or three cleavage planes intersected. Since in any
known crystal structure the angles between any two
crystallographic planes can be calculated (Cullity, 1978),
a measurement of these angles on actual crystals can be
used as a means of identifying the cleavage planes in that
crystal system. This assumes, of course, that the angles
measured belong to one crystal and also that the method
of measurement has sufficient accuracy. Accordingly, on
the CulnSe; crystals grown by the Bridgman method,
angles were measured on some 11 separate samples
obtained from ingots having some 22 different angles
(edges). In order to measure the angles with sufficient
accuracy a high-precision goniometer was used for this
purpose, with a He-Ne laser, having a beam width of
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(110) plane

(112)
— cleavage plane

(a)

Cu® In® SeO

(b)

Fig. 13. Schematic of atomic layers of the (110) plane of the chal-
copyrite structure, viewed with the (112) planc («) horizontal and
(b) rotated by about 35°. Cleavage planes normal to the page are
indicated by the broken lines for (a) a (112) cleavage and (b) two
possible (110) cleavages indicated as AB und CD. The chain line
represents the unit cell in each plane. The labels 1 and 2 refer to
consecutive depth layers of the atoms.
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