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This paper presents a short review of current research activities centering on new nanomaterials and
nanostructures based on the AVBVICVII compounds, mainly SbSI. It focuses in particular on results
of research conducted in the Division of Solid State Physics of the Institute of Physics — Centre for
Science and Education at the Silesian University of Technology. Various methods are used to obtain
ternary chalcohalide nanomaterials. Many nanocomposites based on these nanomaterials with various
matrices are fabricated. They show great application possibilities as various sensors and other devices.
SbSI and SbSeI are introduced into carbon nanotubes and SbSI photonic crystals are also formed.
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1. Introduction

The advancement in science and technology led
to a greater emphasis on searching for new materi-
als and technological solutions for their production.
Special attention is directed towards nanomaterials
and various kinds of nanostructures. They often ex-
hibit novel properties not found so far. Thus, the
study of physical phenomena occurring in them also
allows the production of new types of devices. One
group of compounds that scientists have looked into
are ternary compounds AVBVICVII. They are com-
posed of elements from groups 15, 16, and 17 of the
periodic table, e.g., AV = Sb, Bi, As, BVI = S, Se,
O, Te, CVII = I, Cl, Br, F.

Origins of research date back to the beginning
of the 19th century when Henry and Garot for
the first time synthesized antimony sulphoiodide
(SbSI) [1]. However, only in 1950 Dönges gave infor-
mation on its crystal structure [2]. In 1958, Mooser
and Person predicted the semiconducting proper-
ties [3] and in 1960 Nitsche and Merz [4] discovered
photoconductivity in AVBVICVII compounds. Fur-
ther, in 1962, Fatuzzo et al. [5] mentioned piezo-
electric and ferroelectric properties of SbSI. These
facts caused intensive investigation. Photoferro-
electric semiconductor SbSI has remained the best
known representative of such compounds so far.
It has many other interesting properties, for ex-
ample, pyroelectric [6], piezoelectric [7], electrome-
chanical [8], and electrocaloric [9] ones. They
are influenced by light leading to photoferroelec-
tricity [10], photostriction [11], to pyro-optic [12],
electro-optic [13], photorefractive [14], and other

nonlinear optical effects [15]. It exhibits the highest
Curie temperature (295 K) of any of the AVBVICVII

type of materials [16], high-volume piezoelectric
modulus of dv = 0.9× 10−9 C/N [17] and an ex-
tremely high electromechanical coupling coefficient
of k33 = 0.90 [8], the highest known refractive in-
dex of any material (n = 4.5 along the c-axis) [18].
SbSI has a band gap of 2.12 eV, which shows
abnormally high temperature coefficients [4]. In
SbSI, the anomalous photovoltaic effect [18] was
also detected.

However, the applications of SbSI single crystals
are limited, due to their needle-like shape and re-
duced mechanical strength [19]. The shape and
anisotropy of SbSI crystals are determined by the
presence of double chains [(SbSI)∞]2 consisting of
two chains related by a twofold screw axis and
linked together by short and strong Sb–S bonds [2].
Weak van der Waals-type bonds binding the double
chain are responsible for a low mechanical strength
of the SbSI crystals. Various growth techniques
have been exploited to fabricate the SbSI single
crystals [20], but they led to the crystals about a
few millimeters long and with a cross-section up to
≈ 1 mm (e.g. in [21]). SbSI was also obtained in the
textured polycrystalline form [22]. In 1999, Yuhuan
Xu et al. [23] presented the first description of the
synthesis of SbSI quantum dots in glasses.

In 2008, the new fabrication technology of
AVBVICVII compounds in a form of nanoma-
terials using ultrasound has been developed in
the Institute of Physics of the Silesian Univer-
sity of Technology [24]. Moreover, nanocomposites
based on these nanomaterials with various matrix
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materials (e.g. cellulose, epoxy resin, silicon rubber,
PMMA, PVDF, PAN, PVP) have been fabricated
and examined [25–32]. Synthesized nanomaterials
and composites were used as gas sensors, pressure
sensors, pyroelectric and piezoelectric nanogener-
ators, photovoltaic cells, nanophotodetectors, and
3D photonic crystals with inverse opal structure.
Besides, advanced investigations are in progress to
use them as photocatalysts, piezocatalysts [33], and
pyrocatalysts.

This paper presents a short review of new
nanomaterials and nanostructures based on the
AVBVICVII compounds, mainly SbSI and SbSeI.
It is mostly limited to the results of research
conducted in the Division of Solid State Physics
(DSSP) of the Institute of Physics — Centre for
Science and Education at the Silesian University of
Technology.

2. Methods of obtaining ternary
chalcohalide nanomaterials

Various techniques have been developed to pro-
duce ternary chalcohalide compounds as nanocrys-
tals. Yuhuan Xu et al. [23] synthesized SbSI in
the form of quantum dots in sodium borosilicate
glass by the sol–gel technique. They obtained SbSI
crystallites with a size of around 60 Å uniformly
distributed in the glass matrix. The most im-
portant and frequently used method is hydrother-
mal growth [34]. In 2001, Wang et al. used this
method for the first time for the fabrication of SbSI
nanorods [35]. The as-synthesized SbSI crystallines
displayed a rod-like morphology with a diameter
of 20–50 nm and lengths up to several microm-
eters [35]. SbSI nanocrystals were also obtained
by ball milling carried out for 50 h [36]. The
nanocrystallite length varied from 0.5 to 1 mm,
while nanocrystals’ thickness was mostly in the
range of 50–100 nm [34].

Many methods, such as vapour-phase growth
on anodic aluminium oxide/titanium/silicon sub-
strates [37], ultrasonic spray pyrolysis [38], liq-
uid reaction [39], microwave-assisted aqueous syn-
thesis [40], were used to produce nanoparticles of
AVBVICVII compounds. Many of them are de-
scribed in detail in [34]. One of the noteworthy
methods is a sonochemical synthesis [34] also named
Nowak’s sonochemical method [41]. This method
results in the formation of a SbSI gel consisting of
SbSI nanowires [24]. It is very attractive due to its
simplicity, low cost, high speed, and acceptable ef-
ficiency. The nanocrystalline SbSI was directly fab-
ricated from a stoichiometric mixture of elements
Sb, S, and I2 [24] or the compounds, e.g., Sb2S3
and SbI3 [25], under ultrasonic irradiation. Differ-
ent liquids are used as a solvent: ethanol [24, 42, 51],
methanol [41, 52], isopropyl alcohol [53], and wa-
ter [54, 55]. The whole synthesis process can be
finished within 2 h [34].

Fig. 1. Image (a) and the typical SEM micro-
graph (b) of the sonochemically prepared SbSI gel.
Reprinted from [42], with permission from Elsevier.

Figure 1 shows the image and typical scanning
electron microscopy (SEM) micrograph of such pre-
pared SbSI gel [42]. As-prepared samples are made
up of large quantity nanowires with diameters of
about 10–50 nm and lengths reaching up to several
micrometers and single crystalline in nature [24].
The application of sonochemistry has opened up
new possibilities in creating new materials.

3. Composite materials

Due to challenges associated with constructing
a device based on single nanowires, research has be-
gun on composites consisted of a bulk matrix and
nanowires embedded within.

SbSI nanowires were used in the production
of various composites, such as cellulose/SbSI
nanowires (CSNC) [26, 32] and epoxy resin/SbSI
nanowires (ESNC) [29, 32]. Details of the fabri-
cation technology have been published in [26, 29].
Epoxy resins and different types of cellulose are of-
ten used as a matrix material [32]. Taking into con-
sideration the mechanical properties of such com-
posites, the authors of [32] concluded that ESNC
is a promising material to harvest vibration en-
ergy and CSNC may be used as smart wearable
textiles. Due to the strong piezoelectric (piezo-
electric modulus d33 = 650 pC/N) and electrome-
chanical properties (electromechanical coupling co-
efficient k33 = 0.9) of SbSI [18, 23], it is a suit-
able material for the production of deformation
and stress sensors. SbSI nanowires were also
added in the process of spinning of polyacryloni-
trile nanofibers (PAN/SbSI) [25] and polyvinyli-
dene fluoride (PVDF/SbSI) [31]. Shock-induced
and bending/releasing electric response of such ma-
terials [25] was observed. Figure 2 shows a photo of
a PVDF/SbSI nanowire fiber and open-circuit volt-
age signals recorded for the PVDF/SbSI nanowires
composite under the impact F = 17.8 N [31].

4. Sensors

One of new features of the nanocrys-
talline form of SbSI and its derivatives is
sensor property. It was intensively stud-
ied [20, 30, 32, 42, 54, 56–62]. In this respect,
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Fig. 2. (a) Photo of a PVDF/SbSI nanowire fi-
bre, (b) open circuit voltage signals recorded for the
PVDF/SbSI nanowires composite under the impact
F = 17.8 N. Reprinted from [31], with permission
from Elsevier.

both the samples in the form of gel made up of
a large number of nanowires [42, 54, 56, 59] and
single nanowires [57, 58] were investigated. First
of all, the influence of humidity on the electrical
property was observed [42, 54, 56]. In the case of
SbSI xerogel, the increase of humidity from 24%
to 91% at constant temperature T = 280(1) K
causes the increase of the capacitance from 0.01 nF
to 0.42 nF [42]. The dark current increases ex-
ponentially by nearly three orders of magnitude
with an increase of humidity from dry to wet
environment [54]. Furthermore, the authors of [42]
observed different behavior of electrical parameters
for humidity lower and higher than 35%, which
allows for a distinction between chemisorption and
physisorption.

Also, the influence of water vapor on the photo-
conductivity of SbSI nanowires was observed [56].
Experiments with single nanowires were also con-
ducted [57]. Such humidity nanosensors [57] were
constructed from single SbSI nanowires welded ul-
trasonically to Au interdigitated microelectrodes,
according to the technology described in [49]. The
photoconductivity transient characteristics of the
SbSI single nanowire exhibited the influence of hu-
midity and the so-called hook anomaly [57]. While
negative photoconductivity was observed for gel,
only the positive effect occurred in the case of the
single SbSI nanowire [57].

In the case of SbSeI nanowires, the investigated
sample of humidity sensor was in the form of pellets
obtained from compressed xerogel. The transient

Fig. 3. The cyclic changes in humidity (a) and
corresponding impedance response (b) of the Sb-
SeI sensor at constant temperature (T = 293 K,
f = 1 kHz). The influence of humidity on Nyquist
plots (c). Reprinted from [59], with permission from
Elsevier.

characteristics of an impedance of such SbSeI sen-
sors have been highly correlated to humidity input
cycles [59]. The response has exhibited excellent
repeatability, long-term stability, and a maximum
hysteresis of 3.7% RH for a humidity changing rate
of 0.083% min−1.

Figure 3 shows the comparison of cyclic changes
in humidity and corresponding impedance response
of such SbSeI sensor at constant temperature
(T = 293 K, f = 1 kHz) [59]. The humidity sensing
mechanism has been explained regarding a proton
hopping [59]. The method of fabrication of such a
humidity sensor, presented in [59], is simple and en-
ables obtaining devices with desired geometry and
useful electric properties. It also allows to enhance
the mechanical strength of a device, simultaneously
retaining the porosity of the sensing nanomaterial
crucial for a sensitive detection of humidity. The
Nyquist plots of the SbSeI sensor allow us to distin-
guish the participation of individual components in
the water adsorption process and show the presence
of non-Debye relaxation processes in it (Fig. 3c).

5. Carbon nanotubes

Carbon nanotubes (CNTs) are sp2 graphene car-
bon cylinders capable of hosting a variety of species,
including 1D crystals of metals, metal salts ox-
ides semiconductors superconductors, etc. Such ob-
jects are distinguished in their properties from both
hollow nanotubes and the encapsulated substances,
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Fig. 4. (a) TEM image and (b) distribution of
elements in parallel SbSeI@CNTs along the line
marked by the black arrow. The left scale is for
carbon (�), the right one is for Sb (•), Se (N), and
I (H). These figures are published from [68] with
permission from the editor.

which permits one to purpose-tailor “nanowires”
and “nanocables” with unique physical and chem-
ical properties [63, 64, 69]. The sonochemical pro-
cess has also been used to fill carbon nanotubes
with chalcohalides [41, 64, 65, 67–69] such as SbSI
and SbSeI. The details of the filling process are
described in [64, 69]. The lateral dimensions of
the SbSI@CNTs and SbSeI@CNTs have been in the
ranges from 30 to 200 nm and from 20 to 170 nm,
respectively, and their lengths reach up to several
micrometers in both cases [69].

Figure 4 [68] presents a transmission electron mi-
croscopy (TEM) image of carbon nanotubes filled
with SbSeI (Fig. 4a) and results of the energy dis-
persive spectroscopy (EDS) analysis of chemical
composition across the nanotubes that confirm their
filling. The investigations exhibit that the SbSI fill-
ing the CNTs is single crystalline in nature and in
the form of nanowires [64]. A microstructural anal-
ysis reveals that the SbSI in CNTs crystallizes in an
orthorhombic structure and predominantly grows
along the [001] direction [64].

The authors of [69] observed the coexistence of
phases with Pna21 and Pnam crystal symmetry
at temperature 298 K. These structures are char-
acteristic for ferroelectric and paraelectric domains,
respectively. SbSI@CNTs have a little larger indi-
rect forbidden energy band gap EgIf = 1.871(1) eV
than the free SbSI nanowires [64]. SbSeI@CNTs
nanowires have an indirect but allowed band

gap of 1.61 eV which is slightly smaller than
nanowires alone [45, 68, 69]. The SbSI@CNTs and
SbSeI@CNTs nanotubes filled in this way were ul-
trasonically bonded with Au microelectrodes and
tested for electrical gas sensors such as carbon diox-
ide [66]. Introducing CO2 into the test chamber
caused a fast increase in current, and then stabiliza-
tion at the level value about a few percent greater
than the value of current in vacuum, due to the
formation of COδ2 ions on the semiconductor sur-
face and amplification number of holes in the va-
lence band [66]. Ultrasonic processing has caused
a 200% increase in DC electric conductance of the
junctions [66].

6. Photonic crystals

Photonic crystals are a type of artificial struc-
tures composed of periodical modulated dielectric
materials. They exhibit photonic band gap (PBG)
which means that the light with certain wavelengths
or frequencies located in the PBG is prohibited from
propagating through PCs. This makes them useful
in control of the radiation dynamics of active ma-
terials and the propagation of electromagnetic ra-
diation in ways not permitted by conventional ma-
terials. According to their periodicity of structure,
PCs can be classified as one-dimensional (1D), two-
dimensional (2D) and three-dimensional (3D). Due
to their unique structures and properties, PCs show
great potential in developing optical fibers, low-
loss waveguides, display devices, anti-counterfeiting
technologies, eco-friendly printings and paintings,
high-performance sensors [70] and solar energy cap-
ture and pollution abatement [71].

Proposals for the use of SbSI in photonic crystals
were already formulated in 2005 [72, 73]. It was
shown [72] that SbSI, being a semiconductor with
refractive indices equal to na = 2.87, nb = 3.63, and
nc = 4.55 (for λ = 633 nm), theoretically satisfies
the conditions needed to freezing modes phenom-
ena which can appear in one-dimensional photonic
crystals consisting of an anisotropic material. Val-
ues of SbSI refractive indices are sufficient to ob-
tain the PBG also in the three-dimensional photonic
crystals. Because of its properties, it has also been
a very attractive material offering a potential possi-
bility to obtain a tunable photonic crystal. In 2011,
work on the production of a three-dimensional SbSI
photonic crystal with an inverse opal structure be-
gan. The choice of such a structure was dictated by
a relatively simple and not very expensive method
of producing such structures. The best results were
obtained using the method of filling the opal with
molten SbSI.

Figure 5 shows typical SEM micrographs of SbSI
inverse opal [74]. Depending on the methodology
of the procedure, both the structures with crys-
talline [74, 75] and amorphous [77] features were
obtained. It was confirmed by X-ray examinations
and the Raman spectroscopy [76]. Optical investi-
gations confirm the presence of photonic band gap,
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Fig. 5. (a) Typical SEM micrographs of SbSI in-
verse opal (diameter of the air spheres fabricated
after etching of silica particles equals 275(14) nm),
(b) calculated photonic bands for SbSI inverse
opal compared with measured reflectance spectra.
These figures are taken from [74] (Fig. 5a) and [75]
(Fig. 5b).

the position of which was related to the size of the
spheres in opal. Figure 5b shows the calculated pho-
tonic band structure for SbSI inverse opal compared
with measured reflectance spectra [75]. The influ-
ence of temperature on the spectral characteristics
was also observed [78]. The peaks were shifted due
to changing of refractive index and thermal expan-
sion and the shape of the spectrum near Eg changed
depending on the temperature. The latter effect
characteristic for slow photons is important for pho-
tovoltaic applications.

7. Summary

This paper shows only some of the new possi-
bilities that arise for AVBVICVII compounds. The
number of items cited by Google Scholar proves
a great interest in these compounds, especially
in SbSI. Among 233 records, as many as 141 are
from the last decade and 42 items are affiliated with
the Silesian University of Technology.
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