
World Journal of Condensed Matter Physics, 2015, 5, 66-77 
Published Online May 2015 in SciRes. http://www.scirp.org/journal/wjcmp 
http://dx.doi.org/10.4236/wjcmp.2015.52010     

How to cite this paper: Otto, H.H. (2015) Pyroelectric Bi5−x(Bi2S3)39I12S: Fibonacci Superstructure, Synthesis Options and So-
lar Cell Potential. World Journal of Condensed Matter Physics, 5, 66-77. http://dx.doi.org/10.4236/wjcmp.2015.52010 

 
 

Pyroelectric Bi5−x(Bi2S3)39I12S: Fibonacci  
Superstructure, Synthesis Options and Solar 
Cell Potential 
Hans Hermann Otto 
Materialwissenschaftliche Kristallographie, Clausthal-Zellerfeld, Germany 
Email: hhermann.otto@web.de 
 
Received 20 February 2015; accepted 18 April 2015; published 27 April 2015 

 
Copyright © 2015 by author and Scientific Research Publishing Inc. 
This work is licensed under the Creative Commons Attribution International License (CC BY). 
http://creativecommons.org/licenses/by/4.0/ 

    
 

 
 

Abstract 
Previously, synthetic hexagonal bismuth sulfide iodide (polar space group P63, a = 15.629(3) Å, c = 
4.018(1) Å, Z = 2) has been described by the rather unsatisfactory fractional formula Bi19/3IS9 [1]- 
[3]. A redetermination of the structure using old but reliable photographic intensity data indicated 
the presence of additional split positions and reduced atomic occupancies. From the observed 
pattern of this “averaged” structure a consistent model of a superstructure with lattice parameters 
of a' = √13·a = 56.35(1) Å, c' = c, and a formula Bi5−x(Bi2S3)39I12S emerged, with 2 formula units in a 
cell of likewise P63 space group. Structural modulation may be provoked by the space the lone 
electron pair of Bi requires. When Bi on the 0, 0, z position of the “averaged” cell is transferred to 
two general six-fold sites and one unoccupied twofold one of the super-cell, more structural sta-
bility is guaranteed due to compensation of its basal plane dipole momentum. Owing to the limited 
intensity data available, more details of the superstructure are not accessible yet. Some physical 
properties and solar cell application are discussed together with suggestions of ambient tempera- 
ture synthesis routes of c-axis oriented nano-rod sheets. 
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1. Introduction 
Half a century ago the synthesis of acentric hexagonal Bi19/3IS9 by chemical transport reaction has been reported 
and a structure proposal based on a sub-cell relationship was given, showing a Fibonacci relation between their 
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lattice parameters with asub = a/√13 [1] [2]. Later the crystal structure of this compound has been described by 
others [3], followed by syntheses of the isotypicbismuth sulfide bromide and chloride, respectively [4] [5]. 
Eventually, Mariolacos [6] determined the crystal structure of the bromide sulfosalt. The formula was given as 
Bi(Bi2S3)9Br3 despite the fact that the assumed unit cell actually contains fewer atoms. However, the structure 
determinations by Miehe & Kupcic [3] and Mariolacos [6] appear to be less reliable. Although the author of this 
contribution had previously pointed out parallels to other compounds with a superstructure of multiplicity 13, 
this reasonable approach has not been pursued further [1]. For instance, benstonite, Ca7Ba6(CO3)13 [7], reveals 
ordering of the differently size dcations on sites of the calcite structure that leads to a superstructure with a geo-
metrical relations similar to the unit cell and sub-cell of the bismuth sulfide iodide. Further examples for such 
geometrical relations are found in clockmannite, CuSe, senaite, Pb(Ti, Fe, Mn, Mg)24O38 [8] and davidite, (La, 
Ca, Ce) (Y, U) (Ti, Fe3+)20O38. The superstructure of CuSe with a 13-fold larger a translation period compared to 
the covel line (CuS) lattice parameter has been explained as the result of different mesh widths of Kagomé nets 
and tetrahedral sites of the prototypic CuS sheet structure [9]. Alternatively, this superstructure has been inter-
preted by Taylor & Underwood [10] invoking additional twinning. Davidite shows the full basket of Fibonacci 
relations between sub-cell, cell and super-cell [11]. The true cell consists of a rhombohedral sequence of layers, 
formed by 12 sub-cells of hexagonal-closed packed oxygen atoms supplemented by one heavy atom at the cell 
origin to yield 12 + 1 → 13 ones. The super-cell is the result of twinning in the (520) plane. In contrast to this, 
davidite crystals without twinning show the true cell size. 

Recently, a novel superstructure was observed for the photocatalyst Bi19S27Br3 on HRTEM images with lat-
tice spacing of 3.73 Å, corresponding to the interlayer spacing of the (310) plane [12]. 

In the meantime extended work has been undertaken to clear up the boundary lines of the bismuth sulfide halo 
genide pseudo-binary systems [13] [14]. According to that the stability field of bismuth sulfide iodide extends 
above 200˚C. Crystals can be maintained stable at room temperature for years. 

The reason to revisit new/old crystal-chemical detail of the title compound is based on its suggested applica-
bility in thin film solar cells or dye-cells due to its potentially interesting electronic properties. 

In the following chapters first the result of the determination of the “averaged” structure with the original unit 
cell size will be discussed. From this, shortcomings of earlier interpretation attempts will become obvious, lead-
ing to strong evidence of a Fibonacci super-cell with a still fractional chemical cell content, and eventually to the 
formula Bi5−x(Bi2S3)39I12S. Finally, possible ambient temperature synthesis routes and solar cell application of 
the compound will be highlighted. 

Members of the Fibonacci numbers sequence like 1, 2, 3, 5, …, 13, … which occurred in the morphology of 
crystals and during the structure determination, inspired the naming Fibonacci superstructure. 

2. Experimental 
As described long time ago [1], highly reflecting crystal needles of the title compound are formed, if Bi2S3 
powder is transported with iodine vapor in a partially evacuated vitreous silica ampoule from a temperature of 
700˚C to the equilibrium temperature of about 550˚C, determined through T(ΔG = 0) = ΔH/ΔS of the underlying 
gas reaction involving BiIg. The hexagonal crystals develop the {100} and {110} prisms as well as less pro-
nounced {210} and {310} faces that allow looking inside their atomic structure (morphologic aspect). The hex-
agonal crystals with lattice parameters of a = 15.629(3) Å, c = 4.015(1) Å (see Table 1) (Cu-Kα1 Guinier data) 
belong to the polar space group P63 (No. 173), because the centrosymmetric space group P63/m, also possible 
due to systematically absent reflections found, could be excluded by virtue of the pyroelectric response observ-
ing qualitatively spontaneous polarization under a static temperature change. The unit cell content of two Bi19/3IS9 
formula units agreed with the chemical analysis and the observed density of Dobs = 6.74(4) Mg·m−3, obviously 
confirming some not fully occupied metal positions; the calculated density was Dx = 6.76 Mg·m−3. A super-cell 
could not be verified at that time. 

From strong hk0 reflections, 310 and 250 respectively, which correspond to morphologically observed faces, 
one constructed a sub-cell with grid points that indicate the heavy atom positions projected on (001) (see Figure 
1). In this way the x and y coordinates of two six-fold Bi positions have been found as multiples of 1/13. We no-
tice that the sum of h2 + k2 + h·k for h = 3, k = 1 gives the Fibonacci number 13. In addition, the equal intensity 
distribution on records with l = 0, 1, 2 is indicative for z coordinates of the heavy atoms near 1/4 or 3/4 respective- 
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Figure 1. Sub-cell grid outlined within the projected unit-cell of the “averaged” 
structure representing the 13 heavy atom positions (Otto, 1965). The sub-cell is ro-
tated by about 13.9˚ against the unit-cell.                                      

 
Table 1. Hierarchy of lattice parameters (Å).                                                                   

Sub-cell a/√13 4.335 (1) 

c = 4.018 (1) 
“Averaged” cell a 15.629 (3) 

Enlarged cell a·√3 27.070 (6) 

Super-cell a·√13 56.351 (9) 

 
ly. With the assumed positions for Bi (1) as 1/13, 4/13, 1/4 and Bi (2) as 2/13, 8/13, 3/4a least squares refine-
ment and a subsequent difference Fourier synthesis confirmed the positions of all atoms. The sub-cell concept as 
a tool for solving crystal structures was used in the determination of the crystal structure of Pb6[Ge6O18]·2H2O, 
too [15]. Integrated intensities from Weissenberg multiple film records, taken with Cu-Kα radiation, have been 
thoroughly corrected according to a procedure published previously [16]. After merging symmetrically equiva-
lent reflections at least 582 independent ones remained with Fo > 4σ (Fo). An absorption correction for cylin-
drical samples [17] was made for the used prismatic crystal needle of only 12.5 μm effective diameter giving μR 
= 0.909. Corrected secondary extinction corresponds to a fitted mosaic domain radius of 0.452 μm [18]. The 
structure refinement was performed with the PCSHELXL software package [19] using atomic form amplitudes 
for Bi3+, S2− and I1− from International Tables IV. The absolute configuration is revealed within significant sign 
of twinning (Flack parameterx = 0.01(10)). Final reliability factors of w R2 = 0.076 and R1 = 0.036 (goodness 
of fit S = 1.28) were obtained with the residual electron density of Δρmax = 1.99e/Å3, Δρmin= −2.06 e/Å3 and 
Δρrms= 0.45e/Å3. Atom parameters and anisotropic displacement coefficients of the “averaged” structure are 
summarized in the Table 2 and Table 3. Table 4 gives bond lengths and calculated bond valence sums. The 
bond valence sums = Σsi was calculated according to Brow & Shannon [20] using si = (di(Me − S)/d0)−N with d0 
= 2.459(7) Å, N = 5.3(7) [21].  

3. Discussion 
3.1. Enlarged Unit Cell Option 
The peculiar unit cell content with not fully occupied atomic positions may be a sign of some disorder or caused 
by a larger cell. First one may consider an enlarged cell with still P63 symmetry and lattice parameters of a' = 
a·√3 = 27.070(6) Å (see Table 1) resulting in a space group compatible non-fractional formula of Bi19S27I3with 
Z = 2 units. In Table 5 a comparison shows the assumed site occupations with an empty 2a site and a fully oc-
cupied 2b site for Bi (3). In the large cell there remains higher symmetry around the iodine sites and the Bi (3) 
2b one, butth is should not be a serious problem. The different Bi (3) occupation would only slightly affect the 
intensity of sensitive reflections. But in the following chapter the large cell option is rejected as less plausible. 

3.2. Features of the “Averaged” Structure 
Our result of the structure determination reveals, in contrast to before published data, a splitting position for Bi 
(1) with unevenly distributed atomic occupation according to Table 1, but full occupation when taking the sum 
for Bi (1) and Bi (1)'. The Bi (1)' occupancy of 0.46 (5) per unit cell does not be pure coincidence and could  
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Table 2. Fractional atomic coordinates, occupancies and isotropic or equivalent to isotropic displacement factors (Å2) of the 
“averaged” structure.                                                                                     

Atom x y z Site Occupancy 2·apfu 26·apfu Ueq or Uiso 

Bi (1) 0.29571 (8) 0.23991 (20) 0.2490 (9) 6c 0.912 (10) 5.47 (6) 71.14 (81) 0.0202 (3) 

Bi (1)' 0.2872 (10) 0.1988 (20) 0.251 (17) 6c 0.077 (8) 0.46 (5) 6.00 (59) 0.016 (7) 

Bi (2) 0.39065 (6) 0.51274 (6) 0.7475 (7) 6c 0.9889 5.933 77.13 0.0177 (4) 

Bi (2)' 0.3119 (55) 0.5177 (54) 0.700 (35) 6c 0.0111 (30) 0.067 (18) 0.86 (23) 0.012* 

Bi (3) 0.008 0 0.1030 (24) 2a 0.1180 (30) 0.708 (19) 9.20 0.0267 (41) 

I 1/3 2/3 0.2400 (32) 2b 0.2878 (44) 1.727 (28) 22.45 0.0179 (12) 

S (1) 0.1680 (4) 0.1837 (4) 0.737 (5) 6c 1 6 78 0.0148 (19) 

S (2) 0.2635 (4) 0.3954 (4) 0.244 (6) 6c 1 6 78 0.0148 (16) 

S (3) 0.4540 (4) 0.3880 (4) 0.760 (5) 6c 1 6 78 0.0157 (13) 

S (4) 1/3 2/3 −0.169 (56) 2b 0.022 (10) 0.132 (63) 1.72 (82) 0.010* 

*Fixed value. 
 

Table 3. Atomic displacement parameters (Å2) of the “averaged” structure.                                           

Atom U11 U22 U33 U12 U13 U23 

Bi (1) 0.0142 (5) 0.0279 (13) 0.0198 (9) 0.0116 (5) −0.0024 (13) −0.0048 (16) 

Bi (2) 0.0162 (5) 0.0159 (5) 0.0232 (7) 0.0097 (3) −0.0047 (12) −0.0069 (13) 

Bi (3) 0.0149 (76) 0.0148 (64) 0.047 (12) 0.0109 (13) 0 0 

I 0.0158 (11) 0.0158 (11) 0.0221 (28) 0.0079 (5) 0 0 

S (1)* 0.0118 (22) 0.0142 (22) 0.0172 (55) 0.0055 (19) 0.0053 (19) −0.0004 (53) 

S (2) 0.0128 (22) 0.0129 (22) 0.0164 (45) 0.0047 (18) 0.0056 (70) −0.0047 (64) 

S (3) 0.0130 (22) 0.0108 (21) 0.0215 (40) 0.0046 (18) 0.0076 (76) −0.0019 (78) 

*The flat ellipsoid may be due to “relaxation” effects caused by splitting of the Bi (1) position. 
 

Table 4. Principal mean atomic displacements.                                                                 

Atom U (Å2) 

Bi (1) 0.0305 0.0177 0.0122 

Bi (2) 0.0278 0.0139 0.0114 

Bi (3)* 0.0468 0.0199 0.0131 

I 0.0221 0.0158 0.0158 

S (1) 0.0282 0.0144 0.0019 

S (2) 0.0267 0.0117 0.0059 

S (3) 0.0265 0.0121 0.0084 

*Off-center position (see Table 2). 
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Table 5. Bond lengths in (Å) and bond valence sums s for coordination [k].                                          

Atoms Bi (1) Bi (1)' Bi (2) 
Bi (3) 

Center Off-Center 

S (1) 
2.617 (16) 
2.691 (15) 
3.036 (6) 

2.487 (27)  
2.626 (58)  
2.714 (58) 

 2.811 (7) × 3 
2.687 (7) 
2.865 (7) 
2.881 (7) 

S (2) 
2.718 (6) 
3.443 (8) 
3.467 (8) 

3.107 (49)  
3.143 (49)  
3.274 (29) 

2.767 (17)  
2.786 (18) 3.127 (12) × 3 

3.065 (12) 
3.080 (12) 
3.237 (12) 

S (3) 3.101 (14)  
3.157 (14) 

3.424 (50) 
3.466 (50) 

2.593 (5) 
2.895 (14) 
2.963 (16) 

3.755 (17) × 3 
3.704 (17) 
3.716 (17) 
3.846 (17) 

I (1)   3.560 (8)  
3.593 (8)   

orS (4)*   2.978 (25)   

s[k] 2.81 [6] 
3.14 [8] 

3.03 [6] 
3.36 [8] 

2.86 [7] 
2.97 [6]* 2.94 [9] 

 
advise to enlarge the unit cell. If one multiplies this occupancy by 13, then 6 atoms would result. This may evi-
dence a possible super-cell extending in the ab plane. Further facts will confirm this idea. The determined struc-
ture of the smaller cell is considered as “averaged” structure with all super-cell atoms projected onto it, thus 
showing partly occupied atomic sites as well as split positions, “relaxation” effects of the surrounding atoms and 
anomalous atomic displacement, which ends up in larger statistical errors of the atomic coordinates. Less likely 
there exists statistical disorder, for instance introduced by lamellae of “strained” BiSI, because its unit cell 
shows metric relationship to that of Bi19/3IS9 [1]. 

A projection of the “averaged” structure on (001) is depicted in Figure 2. As already described by Miehe & 
Kupčik [3], (Bi4S6)∞ ribbons extend infinitely along c and are linked via longer bonds by Bi (3). This molecular 
composite forms an angle of about 14˚ to the a axis, which is the angle between sub-cell and actual unit-cell (see 
Figure 1). Bi (3) on the 2a site shows reduced occupancy because two big Bi atoms cannot lie one above the 
other within the short c translation period [3]. But the assumed occupancy with only one atom is further reduced 
(Table 1) allowing space for strong thermal or lateral displacement along the [001] channel, which is indeed 
observed; therms displacement amplitude in this direction is large with 0.27 Å. Bi3+ belongs to a group of polar 
cations by virtue of its lone electron pair. The lone electron pair of Bi (3) points in [001] direction with three S2− 
ligands closer to and three other ones further away. It mainly contributes to the induced lattice polarization and 
anharmonicity effects of the acentric crystals. The calculated bond valence sum of Bi (3) amounts to s = 2.94, if 
one includes three more distant S (3) ligands of the coordination sphere (Table 5). On the other hand, large dis-
placement also perpendicular to can be caused by a threefold off-center split position, equivalent to the Bi split 
position of the acentric Pb3Bi2(GeO4)3 apatite triplet domain structure [22]. The off-center position is simulated 
with a slight shift of the x-coordinate, resulting in a reduced thermal displacement (Table 4). But this problem is 
more elegantly solved applying the super-cell concept below. As a consequence of the partly vacant Bi (3) site, 
in terms of balanced cation to anion charges, the iodine atoms on the twofold 1/3, 2/3, z site, being coordinated 
by six Bi (2) atoms, reveal a reduced occupancy and obviously a partial substitution of sulfur S (4). The short 
mean distance between I1− of c = 4.018 Å results in an extremely small ion radius of 2.009 Å for six-fold coor-
dination. The almost equal c lattice parameters for bismuth sulfide iodide respectively bromideindicate that the 
major anion species causes this distance and that the large anion minor species is adapted to this spacing by vir-
tue of some vacant positions. For the physical properties it may be important that the formation of some I2

1− di-
mer centers consuming less space is quite likely (Table 6). 

Published displacement coefficients for Bi (3) of the isotypic bismuth sulfide bromide [6] seem to be non- 
realistic. Insufficiently low site occupation may be the reason for that result. The strong correlation of the Bi (3) 
site occupation with displacement coefficients is quite evident. 

If one select for the “averaged” structure the space group P3 with the general site multiplicity of 3 instead of 6 
and multiplicity of 1 for the 0, 0, z site, then a twist of the atoms around the c axis is allowed, but the Bi (1)'  
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Figure 2. The “averaged” structure of Bi5−x(Bi2S3)39I12S projected down [001]. Bi 
yellow, Bi (1)' split position orange, S blue and I pink. The Bi4S6 ribbon is clearly 
visible with a 13.9˚ offset from the short cell diagonal.                         

 
Table 6. Proposed site occupation of original cell, enlarged one and super-cell, always space group P63.                    

Lattice parameter a = 15.629 (3) Å a' = a·√3 = 27.070 (9) Å a' = a·√13 = 56.351 (9) Å 

Atoms Site Occupation Site Occupation Site Occupation 

Bi (1) 
6c 1 3 × 6c 3 × 1 

12 × 6c 12 × 0.99 

Bi (1)' 6c 1 

Bi (2) + Bi (2)' 6c 1 3 × 6c 3 × 1 13 × 6c 13 × 1 

Bi (3) 2a 1/3 
2a 0 2a 0 

2b 1 12 × 6c 12 × 0.767 

S (1) 6c 1 3 × 6c 3 × 1 13 × 6c 1 

S (2) 6c 1 3 × 6c 3 × 1 13 × 6c 1 

S (3) 6c 1 3 × 6c 3 × 1 13 × 6c 1 

S (4)     2b 0.86 

I 2b 1 6c 1 12 × 6c 12 × 0.936 

Z = 2 Bi19/3S9I Bi19S27I3 Bi5−x (Bi2S3)39I12S 

 
split site remained as well as splitting of the Bi (3) site at 0, 0, z. The intensity of 00l reflections with uneven l 
would be hardly observable in order to decide between both space groups. 

3.3. Concept of a Superstructure 
More suitable is to mold the determined Bi (1)', Bi (3) and I occupancies in a consistent structure model, be-
cause the formerly assumed unit-cell contribution of 2/3 Bi (3) I3 is obviously incorrect. Together with the result 
for the Bi (1)' split position, strong evidence is found for a Fibonacci super-cell with enlarged lattice parameters 
of a' = √13·a = 56.35 Å (Figure 3). The avalanche of lattice parameters for sub-cell, cell and super-cell is sur-
veyed in Table 1. Symmetry elements of space group P63 are retained in the super-cell, together with a lot of 
pseudo-symmetry elements limiting possible reflections. There still is a twofold position at 0, 0, z. Considering 
this 2a position unoccupied, Bi (3) would occupy in the super-cell 2 six-fold sites without restriction in coordi-
nates or displacement parameters with a partial occupation of 9.20/12 = 0.767. It may be stressed that in this ar-
rangement the basis plane dipole moment of Bi (3) will be compensated to secure the structural stability, only 
the remaining c component of that moment will contribute to polarity. Also off-center position and large atomic 
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Figure 3. Drawing of the displacement ellipsoids of the “averaged” structure, pro-
jected down [001]. The color of the atoms is chosen as in Figure 2.               

 
displacement of Bi (3) as found in the “averaged” structure fit can be explained with this super-cell site occupa-
tion. Around the unoccupied channel along 0, 0, z the six Bi (1)' split atoms may be arranged giving a very 
plausible structural detail, depicted in Figure 4. If the twofold position is considered occupied, then an even 
larger cell would be required and so on (devils staircase), in a way remembering at a kind of self-similarity as in 
fractals and quasi-crystals. But there is no need for such Bi (3) occupation. In a similar way the formerly twofold 
position for iodine splits in two six-fold positions and the twofold one at 1/3, 2/3, z. Again evidence is given for 
a separate occupation of the twofold 2b site with S (4) (see Figure 5) and the six-fold ones with I, but both sites 
show some vacancies. The coordination of Bi (2) with S (4) would be sixfold, giving a bond valence sum of s = 
2.97. The questioned split position Bi (2)' of the “average” structure, contributing only 0.0126 × 2 × 13 = 0.33 
atoms to the super-cell content, is not interpreted further. In conclusion, asuper-cell with parameters a' and c 
contains Z = 2 formula units of Bi4.6(Bi2S3)39I11.23S0.86 and leads to a calculated density of Dx = 6.73 g·cm−3. The 
charge content is balanced, if some vacancies of Bi (1) are included (see Table 2). The idealized formula is giv-
en as Bi5−x(Bi2S3)39I12S. Returning to the space group P3, one could distribute 2·4.6 ≈ 9 Bi (3) atoms place one 
threefold sites, leaving some more empty ones. 

The complex superstructure was not individually depicted, because the relation between super-cell and “av-
eraged” cell is the same as that between “averaged” cell and sub-cell, shown in Figure 1. 

The limited data set measured with Cu radiation is unsuitable to solve the problem in more detail. In future 
work it is recommended to seek for even the weakest diffraction evidence of a super-cell within the a* b* plane 
of the reciprocal lattice and for twinning that may complicate the matter. 

3.4. Superstructure of Isotypic Bi19S27Br3 Seen on HRTEM Images 
Recently, Deng et al. [12] published high-resolution TEM images of isotypic Bi19S27Br3 grown by a microwave- 
assisted aqueous synthesis route. These images show 3.73 Å thick slabs corresponding to the (310) spacing. 
According to Figure 1 and Figure 2, this plane is most densely packed and runs along the Bi2S3 ribbons. The 
identity period in the (310) plane is a lattice vector of length a' = a·√(h2 + k2 + h·k) = 15.546 × √13 = 56.05 Å, 
which is exactly the proposed Fibonacci superstructure lattice parameter. 

Supported by vacant atomic positions, the (310) slabs may be able to glide against each other leading to the 
observed superstructure. Figure 1 also shows that the split positions of Bi5−x(Bi2S3)39I12S are accumulated in this 
slabs. An impressive example for the elimination of vacancies by way of chemical twinning is the cubic solid 
solution of Bi2S3(Bi2/31/3S) in PbS that can accumulate very much vacant metal sites. This less dense structure 
transforms finally by unit-cell twinning along (311)PbS to orthorhombic 6PbS·Bi2S3 (heyrovskyite) as the first 
member of a homologous series of crystal structures, consisting of twinned PbS slabs [1] [2]. 

Superstructure nano-slabs of Bi19S27Br3 (still using this formula) show excellent photo-catalytic properties 
[12]. 
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Figure 4. Projected superstructure detail around the empty channel along 0, 0, z. 
Split position Bi (1)' brownish, S blue.                                      

 

 
Figure 5. Projected superstructure detail around the 2b position (1/3, 2/3, z), occu-
pied with S (4). Bi (2) (yellow) coordinated by 6 sulfur atoms (blue).             

 
If one pursues this idea, then a compound of the PbS-Bi2S3 homologous series, besides the title compound, is 

still overlooked allowing for such property. In the compound PbS·2Bi2S3, pure or less iodine substituted, the 
slabs are extremely weak bond by van der Waals interaction and suffer from severe disorder. If you fans out the 
layers, a very strong supercharging is observed on the large surface as prerequisites for photo-catalytic activity. 

4. Synthesis Routes and Application Remarks 
The crystals are stable under ambient conditions, especially stable against humidity, and contain less toxic ele-
ments as prerequisites for any application. Therefore, ambient temperature synthesis routes such as co-precipi- 
tation from solution are under investigation, in case the compound is considered as alternative, environmentally 
benign solar energy harvesting material in thin film solar cells or dye-sensitized ones [23]. The suggested energy 
gap of Eg = 1.6 eV is lying between the indirectly allowed band gap of photo-conducting and ferroelectric BiSI, 
reported as Eg = 1.57 eV [24] [25] [26], and Eg = 1.69 eV of Bi2S3 [27]. For comparison, methyl ammonium lead 
iodide (MAPbI3) has a gap of Eg = 1.55 eV. Today, this toxic organic-inorganic perovskite, first synthesized by 
Weber [28], and since 2009 applied in “dye” solar cells, reaches today a solar efficiency of about 20% [29] and 
emits light as OILED, when reversely used under voltage [30]-[32]. 
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The title compound belongs to the family of n-type semiconductors. The high refractivity index, roughly es-
timated as n ≈ 2.8 by applying the Moss relation (n4Eg = 95 eV) [33], results in small effective masses and en-
hanced born charges, favoring effective carrier transport properties. The carrier life time as a dominant factor for 
an effective solar cell will be affected by iodine and bismuth vacancies suggesting deep charge-state transition 
levels within the complex band gap. As in the case of MAPbI3 [34], some energetically favorable dimers of Bi 
and I may be formed along [001]. When the polar axis of the nano-sized needles can be aligned normal to the 
back electrode, charge separation of sunlight induced carriers should be supported. So the compound may offer 
a basket of physically interesting properties. 

Simple techniques have been proposed to grow perfectly oriented crystalline layers. For example, copper al-
loyed with some Au, thermally vapor deposited on a freshly cleaved mica sheet with its Kagomé surface, is 
ideally adapted to act as substrate for epitaxial deposition of (001) layers or nano-rod carpets of the hexagonal 
bismuth sulfide iodide. The lattice parameter of cubic Cu0.848Au0.152 is 3.6837 Å giving a distance of d(111) = 
2.6048 Å; the a parameter of the bismuth sulfide iodidevery well complies with a multiple of this distance: a = 
6·d(111)(alloy). More important, the ratio of the sub-cell length (asub = 4.335 Å) to d(111)(alloy) yields exactly 5/3 
and promises success. Another synthesis route may be found insono-chemical preparation from a gel in alcohol-
ic solution, because acoustic cavitation produces intense local heating and enhanced reactivity. This method has 
recently been applied in the synthesis of chemically similar compounds such as SbS I [35]. 

Dealing now with solar cell construction made from bismuth sulfide iodide. When the copper bearing alloy is 
annealed in iodine vapor before epitaxial deposition of bismuth sulfide iodide, then a smart hole conducting 
layer may be created between photoconductor and back electrode due to the formation of (111) oriented sphale-
rite-type CuI with its favorable band gap of about 3.1 eV, dielectric constant of ε = 6.5, and small effective hole 
mass of mh* = 0.38 [36]-[38]. The Cu-I distance of 2.62 Å would agree very well with d(111) of an alloy of com-
position Cu0.805Au0.795 allowing still for subsequent perfectly epitaxial growth of the bismuth sulfide iodide film 
onto CuI. The remaining gold at the mica surface once copper is transformed into iodide will accumulate to nano- 
clusters due to its high surface mobility. As an optical meta-material these clusters do not lessen the transparen-
cy, but even increase the conductivity effectively cooperating with CuI as back electrode, transporting light-in- 
duced hole carriers away.  

On the other hand one does not need a metallic back electrode at all but uses directly CuI because of its suffi-
ciently high hole conductivity. So CuI can be prepared by evaporating pure copper onto freshly cleaved musco-
vite mica in vacuum and then transformed into CuI by vapor from a weak solution of iodine. 

Because muscovite mica is a less disposable natural material, supporting the deposition of highly oriented CuI 
transparent films for research purposes, it may in future be replaces by transparent and less costly substrates. 
Mercapto-silane surface activated fused silica has been reported to strongly bind thin gold films deposited by e- 
beam or thermal evaporation [39]. The deposition of a copper bearing alloy discussed before may bind the better 
at the activated silica surface. Evading vacuum technology, a solution processed deposition route was recom-
mended for substrates like fused silica, using acetonitrile solved CuI in combination with a stabilizer like tetra-
methyleethylenediamine (TMED) [40]. 

If both surfaces of the silica substrate being CuI coated, then the centerpiece of a completely inorganic twin 
solar cell is realized. Figure 6 shows the layer structure of such semi-transparent solar cell based on hexagonal 
bismuth sulfide iodide, but as a twin cell device with enhanced solar efficiency and low environmental footprint. 
This construction is even advisable for toxic perovskite solar cells and may considerably enhance the efficiency 
over that of a recently realized perovskite-silicon solar tandem cell [41]. 

5. Conclusions 
New evidence was collected for the existence of hexagonal bismuth sulfide iodide in a superstructure, characte-
rized by the idealized formula Bi5−x(Bi2S3)39I12S, Z = 2, space group P63, enlarged lattice parameter of a’ = 
√13·a = 56.351(9) Å in comparison to the still used “averaged” structure, and c’ = c = 4.018(1) Å. The super-
structure concept guarantees more structural stability due to compensation of the basal plane dipole momentum 
of the Bi lone electron pairs. 

Appropriate methods such as atomic force microscopy (AFM), high-resolution transmission electron microsco-
py (HRTEM) or diffraction experiments with synchrotron radiation will help to further clarify structural details. 
Possible variation of the chemical composition should be investigated, too. 
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Figure 6. Schema of a twin solar cell device. Intensities of luminous fluxes are 
shown by yellow arrows, (h-BSI means hexagonal Bismuth Sulfide Iodide).      

 
Because the pyroelectric effect is able to enhance charge separation of light induced excitons in semiconduc-

tors, the pyroelectric title compound with its suitable energy gap is a candidate for photovoltaic respectively 
photocatalytic applications and should be further examined for details of such properties, especially light-in- 
duced changes of the dipole momentum and the existence of a ferroelectric phase transition. The influence of 
empty channels down [001] and anyway of the unit cell inflation on the band structure and energy gap is of par-
tial interest.  

Finally, fast progress in the construction of a completely inorganic and environmental benign thin film twin 
solar cell device is desirable, using c-axis oriented nano-rod bismuth sulfide iodide films as light harvesting lay-
ers, epitaxially grown onto (111) oriented CuI hole conducting layers, which were in turn deposited on both 
sides of a transparent substrate. 
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