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Protocols for the Miller indexing of Sh,Se; and a non-x-ray method of orienting its single crystals.
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Abstract

Sb,Sesis a highly anisotropic semiconductor and unambiguous Miller indexing of its planes and
diffraction patterns is therefore important — as is the preparation of oriented and indexed surfaces
of single crystals for fundamental studies. The purpose of this letter is twofold: a) to bring attention
to the two different Miller indexing conventions in popular use for Sbh,Ses, (Space group Number 62,
settings Pnma and Pbnm) explaining how they are related to its crystal structure and making
recommendations for reporting protocols, and b) to draw attention to a non- x-ray method of
preparing the three {100} type faces of single crystals of Sb,Ses for use in physical investigations.

Introduction

Sb,Se; is a mid-range bandgap semiconductor that is of current interest as an energy conversion
material in solar photovoltaic cells [1, 2] and in photocatalysis [3] and water splitting [4].

Its structure has been reported in a number of original studies [5-9]: It adopts the orthorhombic
crystal system, i.e.a# b # cand a = =y =90° and its most noticeable feature is that it comprises
covalently bonded (SbaSeg), ribbons that are aligned parallel to the short axis of the unit cell, the
ribbons being held in place by van der Waals interactions. This imparts significant anisotropy to its
optical, [10] electrical and magnetic [11] properties. Moreover it has been postulated that enhanced
photovoltaic response should be achievable using textured polycrystalline thin films for which the
covalent ribbons are all aligned perpendicular to the plane of the film [2]. Hence the unambiguous
labelling of the planes and directions is important in both basic science and applied reports on this
material.

Nevertheless, two indexing conventions are in common use for Sb,Ses, these being Pnma and Pbnm,
and a survey of twenty of the most recent papers on Sh,Se; revealed a variety of reporting practice:
Of these twenty, three [12-14] explicitly use the Pnma convention and three [15-17] the Pbnm. For a
further nine [18-26] it is possible to infer that Pnma was used, and similarly for a further five [3, 27-
30] for Pbnm. There is hence a rough 60/40 split between the two conventions, but for 70% overall
additional knowledge is required to determine which convention was used. While there are
occasional examples of good practice [16] there are rather more papers where it is not possible to
determine the convention used, and occasionally both are used in the same paper. Below we explain
the differences between the two conventions and make recommendations for those publishing in
the field. In the second part of the letter we also draw attention to a lesser known method for
preparing oriented {100} surfaces of Sb,Se; crystals. Overall, the purpose of this letter is to provide a
handy reference for researchers in order to avoid confusion about indexing, rather than to present
original results.



Pnma and Pbnm indexing conventions and recommendations for reporting

Sb,Se; adopts space group Number 62 (orthorhombic), for which there are six possible ways of
presenting the crystal lattice on the a, b and c axes. These are: Settings 1 (Pnma using a, b, c, the
standard setting), 2 (Pmnb, using b, a, €), 3 (Pbnm, using ¢, a, b), 4, (Pcmn, using ¢, b, a), 5 (Pmcn,
using b, ¢, a) and 6 (Pnam, using a, ¢, b) [31].

Figure 1 shows the Sh,Ses structure with the conventional axes for the two commonly used settings,
Pnma and Pbnm, being shown alongside it, while Table 1 presents a summary of these two
protocols. Pnma is widely used since it is ‘setting 1’ in the International Tables for Crystallography
[31] - it allocates the covalent ribbon axis to the b vector i.e. [010]. The alternative, Pbnm is popular
since it has the conceptual advantage of allocating the (unique) covalent ribbon axis to the ¢ vector
i.e. [001]. Both conventions are in regular use and rather than to recommend one over the other we
instead present this letter to clarify the two conventions and to suggest the inclusion of a clear
statement in published works.

Authors are recommended to include a statement similar to one of the following when publishing on
szSEg:

“In this work we have used the space group #62 Pnma setting for the Miller indexing of planes
in Sh,Ses for which, @ = 11.794, b = 3.986 and ¢ = 11.648 A and the covalently bonded ribbons
lie parallel to the b-vector, [010].”

or
“In this work we have used the space group #62 Pbnm setting for the Miller indexing of planes

in Sb,Ses for which a = 11.648, b = 11.794 and c = 3.986 A and the covalently bonded ribbons
lie parallel to the c-vector, [001].”



Pnma \

C d )

Figure 1. Diagram showing the two indexing conventions for space group number 62 alongside a 2 x
2 x 4 block of orthorhombic unit cells of Sbh,Ses. Its structure comprises covalently bonded ribbons of
(SbaSes)n coming out of the plane of the diagram. In ‘setting 1’, Pnma, a = 11.794, b=3.986 and c =
11.648 A and the ribbons lie parallel to the b-vector, [010]. In ‘setting 3’, Pbnm, a = 11.648, b =
11.794 and ¢ = 3.986 A and the ribbons lie parallel to the c-vector, [001]. Sb atoms are shown in
brown; Se in green. The diagram was prepared using VESTA3 [32] using data from Tideswell [7]
(Crystallographic Information File from [33]).

Lattice parameters (A) Lattice vectors, Miller indices of directions
o, Pnma Pbnm
d100,010 = 11.794 a [100] b [010]
do1o, 001 = 3.986 b [010] c [001]
doo1, 100= 11.648 c [001] a [100]

Table 1. Comparison of the two orthorhombic space group #62 setting conventions (Pnma and
Pbnm) used most frequently in the literature for ShySes.



Method for orienting single crystals of Sb,Se; on its three {100} planes

In the second part of this communication we draw attention to a little-known method to orient
single crystals of Sbh,Ses for use in research work. The usual method to prepare oriented and cut
surfaces of single cystals is to first orient them on a goniometer using the Laue x-ray back reflection
method, [34] and then to transfer the goniometer to a wafering saw. An alternative method devised
by us [10] for Sb,Ses allows preparation of the three {100} surfaces by making use of a property of its
cleavage planes: Sb,Se; cleaves easily and uniquely on a plane parallel to the ribbon axis, the plane
being (100) (Pnma) or equivalently (010) (Pbnm). Furthermore, the cleavage planes always display
linear and parallel cleavage steps that are visible by eye, these lying parallel to the ribbon axis, i.e.
[010] (Pnma) or [001] (Pbnm), as shown in Figure 2. Hence the simple act of cleaving single crystals
of Sh,Ses is sufficient to define a known <100> direction on a known {100} plane, and this allows the
other two {100} planes to be exposed by cutting either perpendicular or parallel to the cleavage
steps. Figure 3 shows an example of the cleavage steps.
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No 62, setting 1, Pnma No 62, setting 3, Pbnm
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Cleavage plane is (100) Cleavage plane is (010)
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Figure 2. Diagrams showing the indexing conventions for the orthorhombic unit cell having space
group #62 using the Pnma and Pbnm settings. The shading indicates the cleavage plane for Sb,Ses,
with the cleavage steps on it being indicated by parallel lines. These cleavage steps are oriented
parallel to the covalent ribbons shown in Figure 1.



Figure 3. Optical micrograph of the cleavage plane of Sb,Se; showing the cleavage steps. In the Pbnm
setting shown on the diagram the cleavage plane is (010) and the cleavage steps lie along [001]. For
Pnma (not shown), the cleavage plane is (100) and the steps lie on [010] directions.



The procedure for preparing (100), (010) and (001) surfaces of single crystals is therefore as follows:

For the Pnma convention.
a) to prepare (100) cleave the crystal with a blade to reveal bright shiny (100) facets having
visible cleavage steps aligned on [010].
b) to prepare (010), first prepare a cleaved (100) surface and saw perpendicular to this surface
and perpendicular to the cleavage steps.
c) to prepare (001), first prepare a cleaved (100) surface and saw perpendicular to this surface
and parallel to the cleavage steps.

For the Pbnm convention.
i) the cleavage facets, (a) above, will be (010) with the cleavage steps lying on [001].
ii) cutting perpendicular to the cleavage steps, (b) above, will give the (001) plane.
iii) cutting parallel to the cleavage steps, (c) above, will give the (100) plane.

We prepared examples of all three {100} surfaces in this way from our own Bridgman-grown Sh,Ses
crystals [35] and examined them with 8 - 26 x-ray diffractometry, as shown in Figure 4. The broad
diffuse background intensity arising from the glass sample holder was removed by manual selection
in FULLPROF software [36].

In each case the diffraction patterns showed only peaks from a single plane and its higher order
reflections i.e. a) (0k0), b) (00/) and c) (h00), with the positions of the reflections expected being
shown by dotted lines calculated using the data from Tideswell [7] using VESTA software [32]. These
results confirm the assertion made earlier that the cleavage steps lie parallel to the covalent ribbons,
and also verify the methodology for preparing the three {100} surfaces. (We note incidentally that in
Figure 4a, the 020 and 040 reflections are absent even though they are structure factor allowed and
they have nevertheless been observed in ref. 10 for example. We attribute their absence to the
stringency of alignment required for the excitation of Bragg reflections from single crystals, with
alignment issues being exacerbated by the distortion (bending) of the crystal planes that is observed
experimentally in Sb,Ses; and which will be the subject of a future report).
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Figure 4. 0 - 20 XRD patterns of dice of Sb,Ses single crystals oriented using the cleavage method
described in the text. Reflections are indexed according to the Pbnm setting. a) the cleaved surface,
(010), b) the surface cut perpendicular to the cleavage steps on the cleaved surface, (001) and c) cut
parallel to the cleavage steps, (100). In each case only reflections for the selected planes and their
higher order reflections are present. The patterns were recorded using a low-resolution mode of the
diffractometer (Rigaku Smart Lab, CuKa,,) with a step interval of 0.4°, and hence the peak widths
are not representative of the crystal perfection.

Summary

This letter has summarised and clarified the two Miller indexing conventions in common use for
Sh,Ses, namely space group Number 62 setting 1 Pnma and setting 3 Pbnm as shown in Figures 1 and
2. For Pnma the covalent ribbon axis is [010] whereas for Pbnm it is [001]. Authors are encouraged
to declare explicitly which convention they have used in their publications and recommended
phrases are suggested above. Also, we have reported a non- x-ray method of orienting single crystals
of Sb,Se; based on the unique orientation of the cleavage plane and the cleavage steps on it, these
being (100) [010] for Pnma and (010) [001] for Pbnm.
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