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Growth of large SbSI crystals™
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In this paper a novel method of SbSI single crystals fabrication is presented. In this method a sonochemically prepared
SbSI gel is used as an intermediate product in a vapour growth process. The main advantages of the presented technique are as
follows. First, the SbSI gel source material has lower temperature of sublimation and allows to avoid explosions during SbSI
synthesis (the sonochemical synthesis is free of any explosion hazard). Second, but not least, the grown SbSI single crystals
have smaller ratio of longitudinal and lateral dimensions. The cross sections of the presented crystals are relatively large (they
are up to 9 mm?). The crystals have been characterized by X-ray diffraction, angle-resolved optical spectroscopy, and diffusive

reflectivity.
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1. Introduction

The study of the class of ferroelectric-
semiconductors of AYBY/CY/! type, wherein an-
timony sulfoiodide (SbSI) is the most outstand-
ing representative, is of principal interest. SbSI has
an unusually large number of interesting proper-
ties. Among them there are pyroelectric, pyrooptic,
piezoelectric, electrooptic, and nonlinear optical
effects. The main properties of SbSI were reviewed
in a few monographs [1-6]. However, the proper-
ties of this material have been still investigated [7—
13]. Due to these properties, SbSI is an attractive
and suitable material for thermal imaging [3, 4,
14-17], light modulators [3, 4, 18], ferroelectric
field effect transistors (FeFET) [19, 20], gas sen-
sors [21], piezoelectric elements used in certain
types of electromechanical transducers [4, 22-24],
temperature autostabilized nonlinear dielectric el-
ements (TANDEL) [25, 26], time-controlling de-
vices [3, 4, 27] and other applications. Recently,
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heterostructures fabricated by CO, laser treat-
ment of SbSI single crystals have been produced
[13, 28].

SbSI single crystals can be obtained by sev-
eral different methods [29], for example using the
melt or flux growth (slowly cooling and unidirec-
tional solidification), vapour growth (sublimation-
condensation and chemical transport reactions) and
hydro-thermal method. Polycrystalline samples ob-
tained from the melt consist of many needles.
Monocrystalline samples having mirror-like sur-
faces were obtained from the vapour phase in a
closed tube. Unfortunately, due to the anisotropy
of the SbSI crystal structure the usually grown
single crystals are remarkably needle-like along
c-axis and with relatively small cross-sections. It
limits the potential applications of SbSI. Bigger
samples of hot-pressed SbSI bulk ceramics were
prepared but their physical properties were not
satisfying [30]. Recently, a laser-write method to
form SbSI single crystal features on chalcogenide
glasses for integration into infrared devices has
been published [31]. SbSI can also be obtained
in the form of nanocrystals. The ultrasound irra-
diation has been applied to induce the 1D growth
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Fig. 1. SEM image of sonochemically prepared SbSI gel (a), and HRTEM image of single SbSI nanocrystal

(b) [13].

of nanowires of ternary and quaternary chalco-
halides formed from the group 15-16-17 elements
(see [13, 32] and Refs. in [33]).

2. Growth and characterization of
SbSI crystals

SbSI gel synthetized sonochemically was used
as the input material to growth SbSI single crystals.
SbSI gel was prepared from the constituents (the el-
ements: antimony, sulphur and iodine) weighed in
the stoichiometric ratio for SbSI. Ethanol was used
as a solvent in the reaction. All reagents used in the
experiment were analytically pure and were pur-
chased from Sigma-Aldrich (antimony, 99.95 %)
and from POCH S.A., Gliwice, Poland, (subli-
mated sulfur (pure p.a.), iodine (pure p.a.), and ab-
solute ethanol (pure p.a.)). In a typical procedure,
antimony, sulfur and iodine with stoichiometric ra-
tio were immersed at room temperature and am-
bient pressure in absolute ethanol, which was con-
tained in a Pyrex glass cylinder of 20 mm inside di-
ameter. The closed cylinder was partly submerged
in water in an ultrasonic reactor (InterSonic IS-
UZP-2, frequency 35 kHz, with 80 W peak elec-
trical power and 2 W/cm? power density guar-
anteed by the manufacturer). The sonochemical

fabrication was carried out at 323 K. Obtained gel
was ten times centrifuged to extract SbSI gel. Af-
ter each rinsing the ethanol above, the sediment
was substituted by the new, pure ethanol. At the
end, SbSI gel was dried at room temperature and
reduced pressure (100 Pa). As-prepared samples
were made up of large quantity of single-crystalline
nanowires with diameters of about 10 to 50 nm and
lengths reaching up to several micrometres. SEM
and HRTEM images of SbSI gel have been pre-
sented in Fig. 1. Accurate information about the
sonochemical synthesis process of SbSI gel and its
characterization one can find in [13].

The growth process of SbSI single crystals from
vapor phase was performed in closed termisil am-
poules that were placed in a two-zone furnace.
Temperature of every zone was controlled inde-
pendently. Dried SbSI gel (80 g) was put into an
ampoule of 150 mm length and 35 mm diameter
and the ampoule was evacuated to the pressure of
102 Pa, and then it was sealed. The bottom and
top of the ampoule were wrapped with aluminum
foil in order to obtain uniform temperature at the
source and crystallization zones. The suitable gra-
dient of temperatures (between the source and crys-
tallization zones) and the aluminum foil allowed
the growth of large crystals only in the upper part
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of ampoule. So prepared ampule was put in the
furnace. The process was carried out in a horizon-
tal position of the furnace. However, due to large
amount of material inside the ampule, the furnace
was tilted at a small angle (~5 degrees) to avoid
spontaneous material transport from the source to
crystallization zone. Crystal growth was performed
in variable temperature gradient. Temperature pro-
file in the furnace has been shown in Fig. 2.

crystallization zone

0 3 15 18 66 68 80 82 130 132 144 146 194 206 =t h

source zone

298

0 3 15 18

94206 "t h

Fig. 2. Temperature profile in the furnace (description
in the text).

At the beginning of the process the source zone
was heated to 633 K, whereas the crystallization
zone was heated to 723 K to evaporate the possible
centers of nucleation in this part of ampule. Then,
the cycles with changing temperature were applied
in the crystallization zone (Fig. 2). As the tem-
perature in crystallization zone was lower than the
temperature in the source zone, the crystals growth
was continued. After that, for a short time, the
temperature in the crystallization zone was raised
to induce evaporation of small, weak crystals. So
called pendulum heating method has been reported
in [34]. The cycle was repeated three times. The
SbSI crystal growth was carried out for 206 hours.
The maximal value of cross-section for obtained
SbSI single crystals was about 9 mm? (Fig. 3).

Laue back reflection measurements were car-
ried out to determine a crystalline structure of the
grown SbSI single crystal. The measurements were
performed at temperature of 295 K using Mo Ka
radiation (A = 0.70926 A). The area of X-ray ir-
radiation was 0.8 mm in diameter. The incidence

angle of X-rays upon (001) front plane was set to
6.5°. The crystal has been irradiated for 52.5 hours.
So long exposure time is typical for semiconduct-
ing materials. Fig. 4 presents Laue back reflection
photography registered from the (001) crystal plane
(visible in Fig. 3). Crystal plane strips from orthog-
onal crystal planes have been indicated by straight
lines. The obtained Laue back scattering photog-
raphy shows that the examined sample is a sin-
gle crystal. Reflexes from several crystal planes
have also been identified (Fig. 4). The calculated
lattice constants, a = 0.858 nm, b = 1.017 nm,
¢ = 0.414 nm, are typical for Pnam crystal sym-
metry of paraelectric SbSI.

Fig. 3. Large SbSI single crystal grown in the experi-
ment.

Fig. 5 shows typical hysteresis loops of po-
larization for SbSI crystal that were registered in
a Sawyer-Tower circuit [35]. Measurements were
performed for two orientations of electric field
(E) relative to c-axis of SbSI single crystal (E||c
and Elc) and for temperature range of 283 K
to 333 K. In the case of Elc no hysteresis loop
has been observed even for high electric field
(Emax = 7.7 kV/cm). For E||c one can see that
the hysteresis loop evaluated for 283 K is well
saturated, whereas for 333 K it almost declines
(Fig. 5). Fast decrease of hysteresis loop area starts
at a temperature of 292 K, which corresponds to
Curie temperature (T¢) in SbSI [36]. The values of
spontaneous polarization Py = 11.5 uC/cm?, rema-
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Fig. 4. Laue back scattering reflection photography
from the grown SbSI single crystal with indi-
cated orthogonal crystal planes strips and re-
flexes form crystal planes.
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Fig. 5. Hysteresis loops of SbSI single crystal at tem-
peratures 283 K (1) and 333 K (2) with indi-
cated spontaneous polarization Py, remanent po-
larization P,, and the value of coercive field E.
(sample was biased parallel to the c axis of the
crystal).

nent polarization P, = 7.7 uC/cm?, coercive field
E, = 116 V/cm, and energy required for sample re-
polarization W = 5.19 kJ/m? at temperature 283 K
(Fig. 5) have been determined.

Current-voltage characteristics were measured
using Keithley 2410 C in temperature range of
283 K to 333 K for different orientations of elec-
tric field vector towards c-axis of SbSI single crys-
tals (Fig. 6). One can see that the current density is

significantly higher for E||c than for E_Lc at every
temperature. Furthermore, for E||c and temperature
lower than T, the current-voltage characteristics
are typical of common ferroelectric crystals [37].
Arrows in Fig. 6a. represent the direction of cur-
rent density changes. One can see that the singu-
larity occurs in J(E) characteristics but only after
repolarization. It is caused by charge release dur-
ing domain reorientation. For the E_L ¢ singularities
of J(E) characteristics are not visible even at high
electric field (E = 7.7 kV/cm). This leads to a con-
clusion that polarization vector is parallel to c-axis
of SbSI crystal.

Electrical conductivity (Fig. 7) of SbSI single
crystals for E||c and E_Lc has been determined from
current-voltage characteristics measured in temper-
ature range of 283 K to 333 K. The electrical con-
ductivity is much higher for E|c than for ELc.
Arrhenius dependence has been fitted to the data
presented in Fig. 7 to determine the activation en-
ergy (E,) of electrical conductivity. The values of
E, = 0.341(55) eV and E, = 0.236(22) eV have
been determined for E_Lc in cases of ferroelectric
and paraelectric phases of SbSI, respectively. The
E, = 0.441(12) eV and E, = 0.339(22) eV have
been established for E||c in the same cases.

To determine the optical energy gap (E,)
of SbSI crystals the diffuse reflectance spec-
troscopy (DRS) has been applied [38]. Measure-
ments were carried out using spectrophotometer
SP-2000 equipped with an integrating sphere ISP-
REF Ocean Optics Inc. The standard WS-1 Ocean
Optics Inc. was used as a reference. Spectra were
recorded for the planes perpendicular and parallel
to c-axis of SbSI crystal at temperature of 295 K
in the mode of exclusion of specular reflectance
(Fig. 8a). One can see that for longer wavelengths
the spectra of diffusive reflectance coefficient (R,)
are nearly flat. Values of R, for the plane parallel
to c-axis of SbSI are much larger than those for the
perpendicular plane. Ry in this region is dominated
by reflection and scattering due to the refractive
index of the investigated material. With decreas-
ing the wavelength of radiation one can observe
abrupt decrease in R; (Fig. 8a). It happens when
radiation becomes more intensively absorbed with
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Fig. 6. Current density as a function of electric field intensity in SbSI single crystals at temperatures 283 K (a) and
333 K (b) for different orientations of electric field relative to c-axis (E||c (®); E_Lc (O); description in the

text).
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Fig. 7. Electrical conductivity vs. temperature of SbSI
single crystals for different orientations of elec-
tric field (@ — E||c; O — E_Lc; solid and dash lines
represent Arrhenius dependences fitted in cases
of ferroelectric and paraelectric phases).

increasing photon energies (it corresponds to the
optical absorption edge). In the range of strong ab-
sorbance the spectra of R; are similar for the both
investigated surfaces of SbSI crystal.

The diffuse reflectance values have been con-
verted to the Kubelka-Munk function vs. photon
energy (hv) [38]:

1-Ra(hv)?  a(hv)
2Ry(hv) S
where o is an absorption coefficient of light in

the investigated material, S is a constant scattering
factor.

FKM [Rd(hV)] = (1)

The value of E, has been determined by the in-
tersection point (Fig. 8b) between lines that extrap-
olate Fgy, values in the small hv range and at the
linear absorption edge. The values of E, = 1.68 eV
and E, = 1.87 eV have been established for the
plane perpendicular and parallel to c-axis of SbSI,
respectively.

Specular reflectance of the plane perpendicu-
lar to c-axis of the SbSI crystal has been mea-
sured in spectral range from 380 nm to 1050 nm
at room temperature. The scheme of experimen-
tal setup has been presented in [39, 40]. The sam-
ple was mounted on the table of GUR-5 (LOMO)
goniometer. The optical reflectance has been mea-
sured using PC2000 (Ocean Optics Inc.) spec-
trophotometer with master card (600 lines grat-
ing, blazed at 500 nm). The spectrophotometer
was equipped with appropriate waveguide cables
and the deuterium-halogen light source DH2000-
FHS from Ocean Optics Inc. The multiple averaged
spectral characteristics containing 2048 data points
for various wavelengths were registered using the
OOI-Base program from Ocean Optics Inc. The
measurements were carried out for different an-
gles of light incidence upon a sample. Using Glan-
Thomson polarizer (LOT-Oriel) the incoming radi-
ation was linearly polarized with the electric vec-
tor parallel “p” or perpendicular “s” to the plane of
incidence. Results of specular reflectance for both
light polarizations are presented in Fig. 9a and 9b,
respectively.



674

PIOTR SZPERLICH et al.

0.1

T T T T
500 600 700 800

A, nm

b 1.00
0.754
g 0.50
0.25 1
0.00 .
1.4 1.6 1.8 20 22
hv, eV

Fig. 8. Spectra of the diffuse reflectance (a) and the determined normalized Kubelka-Munk function (b) for differ-
ent planes of SbSI single crystal (ll, ® — a plane perpendicular and parallel to c-axis of SbSI, respectively).

Fig. 9.

Angular and spectral dependencies of specular
reflectance of a plane perpendicular to c-axis of
the SbSI crystal (Rp, Rg — results were regis-
tered for a plane polarized radiation with elec-
tric field parallel and perpendicular to the plane
of incidence, respectively).

Fig. 10 shows typical angular dependencies of
specular reflectance of a plane perpendicular to
c-axis of the SbSI crystal for plane polarized ra-
diation with electric field parallel and perpendicu-
lar to the plane of incidence. The observed Brew-
ster’s angle can be used to determine the real part
of refractive index of the investigated crystal. Anal-
ysis of the spectral dependences of various com-
ponents of refractive index of optically anisotropic
SbSI crystal is currently in progress and will be pre-
sented in the near future.

3. Conclusion

The sonochemically produced SbSI gel con-
sisting of nanowires can be effectively used as
a source material in a vapour growth process of
SbSI single crystals. The pendulum-heating of the

1.00 -

0.75 1

0.50

0.25

0.00

20

Fig. 10. Angular dependencies of specular reflectance
of a plane perpendicular to c-axis of the SbSI
crystal for a plane polarized radiation with
electric field parallel (M) and perpendicular
(®) to the plane of incidence (A = 600 nm).
The inset shows the neighbourhood of Brew-
ster’s angle.

crystallization zone is useful for the growth of large
SbSI crystals.

Due to big size and good quality of the front
plane perpendicular to c-axis of SbSI crystal, the
measurements of angular spectra dependencies of
specular reflectance have been performed. Based
on the obtained results, anisotropic optical proper-
ties, such as ordinary and extraordinary values of
refractive index, have been determined.

Large SbSI crystals should receive consider-
able attention from the scientific and engineer-
ing communities due to their potentially useful
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applications. They have potentially great impor-
tance, e.g. for production of IR sensors, variable
focal mirrors and piezoelectric actuators.
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