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Elaboration and characterization of a KCl single crystal doped with nanocrystals
of a Sb,03; semiconductor™*
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Abstract: Undoped and doped KCI single crystals have been successfully elaborated via the Czochralski (Cz)
method. The effects of dopant Sb,O3 nanocrystals on structural and optical properties were investigated by a
number of techniques, including X-ray diffraction (XRD), scanning electron microscopy (SEM), energy disper-
sive X-ray (EDAX) analysis, UV-visible and photoluminescence (PL) spectrophotometers. An XRD pattern of
KCI:Sb, 03 reveals that the Sb, O3 nanocrystals are in the well-crystalline orthorhombic phase. The broadening of
diffraction peaks indicated the presence of a Sb, O3 semiconductor in the nanometer size regime. The shift of ab-
sorption and PL peaks is observed near 334 nm and 360 nm respectively due to the quantum confinement effect in
Sb, 03 nanocrystals. Particle sizes calculated from XRD studies agree fairly well with those estimated from optical
studies. An SEM image of the surface KCI:Sb, O3 single crystal shows large quasi-spherical of Sb, O3 crystallites
scattered on the surface. The elemental analysis from EDAX demonstrates that the KCI:Sb,O3 single crystal is
slightly rich in oxygen and a source of excessive quantities of oxygen is discussed.
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1. Introduction

Research on nano-semiconductors has increased remark-
ably in the past few years due to their unique chemical, physi-
cal and biological characteristics, and thus behaves differently,
with respect to materials of a coarser structure, even when the
element or molecular composition is the same. The remark-
able behavior of a nano-semiconductor demonstrates due to
the quantum confinement effect of charges. The term, quantum
confinement effect, was introduced to explain a wide range of
properties of the nanostructure of semiconductors in response
to changes in dimension or shapes within nanoscales! ~6I. The
group V-VI binary compounds are highly anisotropic semi-
conducting materialsl’). Among these binaries a few differ-
ent antimony oxides exist such as Sb,03, Sb, 04, Sb,O5 and
Sbs013!%). As an important antimony oxide (Sb,O3) has expe-
rienced a heightened interest due to its indirect band gap energy
of 3.3 eV and has a number of applications in various indus-
tries. It can be used as a very good catalystl®], efficient fire
retardant'%], fining agent!!!), filler and optical materiall!2 131,
Due to higher proton conductivity, hydrous Sb,O3 may have a
possible application as the humidity sensor'*]. Moreover, the
Sb,03 thin film behaves as an n-type semiconductor which
invites photovoltaic applications!'%], and important nonlinear
optical properties of glasses doped by Sb, 0316~ 18],

The study of the optical properties of a nano-
semiconductor in ionic solids can be very conveniently
carried out on the simplest compounds, alkali halides AX were
A: alkali cation and X: halogen anion. They offer a number
of advantages such as a simple structure, high degree of
chemical purity, easy manipulation and wide range of doping

impurities with different concentrations. On the other hand,
their high gap energy (~ 10 eV) provides a large window for
optical spectroscopy. However, there is a little research on
nano-semiconductors doped in crystalline hosts. In the case of
alkali halides, earlier studies have been reported on KBr:ZnO,
NaCl:CdS and KBr:CdTe single crystals('72!] Samah
et al.?? have analyzed alkali halides (KBr, NaCl) doped with
II-VI and [-VIII semiconductors like ZnO, AgBr and CuCl.

In the present paper, KCl and KCl:Sb,O3 single crys-
tals have been successfully elaborated by the CZ method. The
structural and optical properties of these crystals were inves-
tigated. The doping effects of the Sb, O3 nano-semiconductor
on structural and optical properties of KCl single crystals were
observed and highlighted.

2. Experimental details

KCI and KCI:Sb, 03 single crystals were prepared using
the CZ method. In the present work, KCI powder was pro-
cured from the “LABOSI/Chemicals products and reaction
laboratory” with 99.9% purity, and Sb,O3 nano-powder was
procured from “Aldrich chemicals” with 99.99% purity. The
KCI:Sb, 03 single crystal was prepared with 1 mol% of Sb, O3
nano-powder and 99% mol of KCl, these mixtures were heated
in a crucible to melt. The oven temperature has been controlled
by the control system: controller [REX-C100 SEPIES] and
the platinum/platinum radium (10%) thermocouple, the pulling
rate was in the 8—10 mm/h range and the rotation speed was V;
= 1 round/min. During the growth, changing the thermal gra-
dient to control the diameter of the KC1 and KCI1:Sb,03 (1, 5
cm) with length 5 cm.
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Fig. 1. Photograph of a KCl:Sby O3 single crystal.
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Fig. 2. XRD pattern of a pure KCl single crystal.

The growth is carried out following the crystallography
[100] axes. The obtained crystals are cleaved parallel to the
(100) plane with the required size. Figure 1 displays a photo-
graph of a KCI:Sb,03 single crystal. The thermal treatment
of KCI:Sb,03 samples is performed at 550 °C for 24 h under
atmospheric air. After the annealing, the samples are cooled
slowly at room temperature.

XRD data have been obtained using CuKa radiation (Akg
= 1.5402 A) and a graphite filter with the BRUKER-AXS D8
diffractometer. The surface morphology of the samples was an-
alyzed using a scanning electron microscope (SEM) at 15 kV
accelerating voltages. Quantitative analyses were obtained by
an energy dispersive X-ray analysis (EDAX) with accelera-
tion voltage 15 kV. The optical properties were analyzed using
an UV-visible spectrophotometer (Shimadzu, UV-3101). Fur-
thermore, the photoluminescence (PL) was measured at room
temperature (RT) and the samples were excited by a laser (ion-
ized light E.x = 270 nm) with an output power of 10 mW.

3. Results and discussion

XRD studies have been performed on samples of pure KCl
and KCl1:Sb,O3 crystals to determine their crystallographic
structure. Figure 2 shows the XRD diagram of a pure KCl sin-
gle crystal. It exhibits three intense peaks at 20 = 28.48°; 26
= 58.78° and 26 = 95° corresponding to the plan (200) and
its harmonics (400) and (600) respectively. This result shows
that the KCl crystal has a cubic structure with the symmetry
of a Fm3m space group. By referring to data from the JCPDS
41-1476 file, it discloses that the sample has a single crystal
character and confirms that the crystal was cleaved parallel to
the (100) plane.
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Fig. 3. XRD pattern of a KCIl:Sb,O3 single crystal.
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Fig. 4. SEM image of a KC1:Sb, O3 single crystal after annealing at
550 °C (24 h) in air atmosphere.

Table 1. Crystallites sizes calculated from the XRD.

20(°) 3256 3351 3729 4107 5037  50.09
(hkl)  (131) (012) (141) (211) (241) (161)
D (nm) 60.17 5895 60.8 9326 80.52 74.12

Figure 3 displays the XRD spectrum of the KCl:Sb,03
samples. Aside from the peaks related to the KCl host, it con-
tains six broad peaks indexed the Sb, O3 orthorhombic phase
with the symmetry of Pccn and cell parameters a = 4.91 A, b
= 12.45 A and ¢ = 5.41 A (JCPDS Card No. 11-0691). The
appreciate intensity of these peaks indicates a high crystalline
quality of Sb,O3. This result demonstrates the incorporation
of Sb,03 into the KCI host. Moreover, the absence of peaks
corresponding to another phase such as Sb4O5Cl, or SbCl; in-
dicates that there was no chemical reaction between Sb, O3 and
KCl in spite of the high temperature of growth.

Table 1 presents the average sizes of crystallites corre-
sponding to each diffracting plan. The average radius found
is about 71.30 nm.

The surface morphology of KCI:Sb, 03 is studied by SEM
and is shown in Fig. 4. The morphology displays a quasi-
spherical shape of Sb, O3 crystallites scattered on the surface
of KCI. The mean crystallite size obtained using Scheerer’s for-
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Fig. 5. Typical EDAX pattern of a KCl1:Sb, O3 single crystal after an-
nealing at 550 °C (24 h) in atmospheric air.

Table 2. Overage atomic percentage of a KCl:Sb,O3 single crystal
after annealing.

Element wt% at%
OK 0.86 2.03
CIK 45.18 48.26
KK 49.98 48.47
SbL 3.98 1.24
Matrix Correction ZAF

mula is in all cases substantially smaller than the dimension of
grains observed by the SEM image, indicating that these grains
are probably an aggregation of many crystallites of Sb,O3.

The energy dispersive X-ray analyses (EDAX) spectrum
(Fig. 5) indicating the presence of K, Cl, Sb and O elements
and no other elements were detected, which demonstrates that
the KC1:Sb, O3 single crystal has a very high purity. However,
the average atomic percentage (Table 2) shows that the crystal
is slightly rich in oxygen. The source of the excessive quantities
of oxygen are attributed to the high solubility of O, molecular
in the KCI:Sb, 03 crystals after annealing at 550 °C (24 h) in
atmospheric air.

Figure 6(a) shows the optical absorption spectra of a pure
KCl single crystal (without annealing). It is transparent in the
visible region and has a strong absorption in the near ultravio-
let, and we have not detected any broad absorption relative to a
color center. The absorption edge (Eg ~ 6.20 eV) is determined
by the second derivative method!?3! presented in Fig. 6(b).

Figure 7 shows the optical absorption spectrum of a
KCI1:Sb,03 crystal after annealing at 550 °C (24 h) in atmo-
spheric air where two absorption bands appear centered at 334
nm (3.71 eV) and 453 nm (2.74 eV) the first absorption band
can be assigned to intra-3d transition of Sb*3 in the orthorhom-
bic structure of Sb,0324! and the second band indexed O3
color center respectively?>]. The Sb,O3 nanocrystals have an
orthorhombic structure and the orthorhombic Sb, O3 bulk crys-
tal has a band gap energy of 3.3 V{29l 1t is well known that
the energy gap of the semiconductor nanocrystals increases
with the decrease in grain size, which can be attributed to
the quantum confinement effects. In our study, the size of
the Sb, O3 nanocrystals is not small enough, but the quasi-
spherical Sb,O3 nanostructures still develop quantum con-
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Fig. 6. (a) Optical absorption spectrum of pure KCI crystal (with-
out annealing), and (b) E; of KClI crystal determined by the second
derivative.
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Fig. 7. Optical absorption spectra of a KC1:Sb, O3 single crystal after
annealing at 550 °C (24 h) in atmospheric air.
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Fig. 8. Room temperature PL of a KCI:Sb, O3 single crystal after an-
nealing at 550 °C (24 h) in atmospheric air.

finement effects on the blue-shift of absorption edge AE, =
0.41 eV. Furthermore, the existence of a O, color center con-
firmed the incorporation of the KCIl:Sb, O3 crystal by O, dur-
ing annealing under atmospheric air which is consistent with
EDAX analyses of KCI:Sb,O3.
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Figure 8 displays the photoluminescence (PL) spectrum of
the KCI1:Sb, O3 crystal at (RT) after annealing at 550 °C (24 h)
under atmospheric air, it shows a broad emission band cen-
tered at 360 nm (3.44 eV) relative to Sb, O3 nanocrystals with
ablue-shift A E, = 0.14 eV and another peak located at 456 nm
(2.72 eV) indexed the O color center, in concordance with the
optical absorption measurement. Moreover, the strong PL in-
tensity from the Sb, O3 nanocrystals included in KCl can be at-
tributed to their high crystallization and to their good surface,
which is in agreement with the XRD patterns of KCl:Sb,O3
discussed earlier. In addition; the enlargement of the band rel-
ative to Sb, O3 can be explained by the presence of size disper-
sion of Sb, O3 nanocrystals inside KCI (Table 1).

4. Conclusion

Both pure KCI single crystals and crystals doped with
Sb, 03 nanocrystals were prepared by the Cz method. Struc-
tural characterization by XRD shows the incorporation of
the KCl host by Sb,O3 nanocrystals. Furthermore, SEM im-
ages present large quasi-spherical particles of Sb,O3 and the
(EDAX) analyses indicate the high purity of a KC1:Sb, O3 sin-
gle crystal submitted to annealing in atmospheric air, except for
slightly excessive quantities of oxygen it has good stoichiomet-
rics. In addition, the optical absorption spectra of KC1:Sb,03
submitted to annealing shows a band located at 334 nm reveal-
ing Sb, O3 nanocrystals with a blue shift from the bulk gap of
AE, = 0.41 eV and other broadly located at 435 nm due to the
Oj5 color center. In addition, the photoluminescence spectra at
RT shows two luminescence bands, the first located at 360 nm,
with displacement e.g. towards the short wavelength due to the
nanometric size of Sb, 03, and the second band located at 465
nm revealing an O3 color center which is consistent with opti-
cal absorption and EDAX analyses.
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