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ABSTRACT

Ln,Sb,_,S3 (Ln: Yb3*, Erd) based nanomaterials were synthesized by a co-reduction method.
Powder XRD patterns indicate that the Ln,Sb,_,S; crystals (Ln = Yb3*, Er3*, x = 0.00-0.09) are
isostructural with Sb,S;. The cell parameter a and c increase for Ln = Er3* and Yb3* upon
increasing the dopant content (x), while b decreases. SEM images show that doping of the
lanthanide ions in the lattice of Sb,S3 result in nanoflowers and nanoparticles. Emission spectra
of Yb3* doped materials, in addition to the characteristic red emission peaks of Sb,S5 emission,
show other bands originating very probably from the 2Fg,—2F;, in case of Yb3* doped
crystals.The electrical conductance of Ln-doped Sb,S; is higher than pure Sb,S; and increase

with temperature.
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1. INTRODUCTION

Ln3*-doped inorganic nanocrystals with various
compositions have become an increasingly impor-
tant research topic, and opened up the opportunity
for creating new applications in diverse areas, such
as light emitting displays, biological labelling and
imaging, owing to their distinct electrical and
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optical properties [1-3]. Antimony sulfide, a layer-
structured direct band gap semiconductor with
orthorhombic crystal structure, is an important
semiconductor with high photosensitivity and
thermoelectric power [4]. Due to its good photo-
conductivity, Sb,S; has received significant
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attention for potential applications in solar energy
conversion [5]. It has also been used in switching
devices [6], thermoelectric cooling technologies,
optoelectronics in the IR region [7,8], and
microwave devices [9], television cameras [10].
Over the past two decades, many methods have
been employed to prepare Sb,S; nanotubes,
nanowires, nanorods, nanobelts, and nanospheres,
including thermal decomposition [11], hydro-
thermal reaction [12,13], microwave irritation [14],
and vacuum evaporation [5]. Studies of impurity
effects or doping agents on the physical properties
of Sb,Sej; are interesting both for basic and applied
research. Doping of trivalent cations such as Sb3*
[15], In3* [16], Fe3* [17], Mn3* [18], and a number
of further trivalent 3d elements [19] to the lattice
of BiySe; have been investigated, also EPR
spectra of Gd-doped bulk Bi,Se; [20]. Also, New
Ln,Bi, ,Sey (Ln: Sm3*, Eu3*, Gd3*, Tb3*, Nd3*)
based nanomaterials were synthesized by Alemi
and et al [21, 22]. Recently, we have reported novel
luminescent nanomaterials based on doping of
Lanthanide (Ln: Ho3*, Nd3*, Lu3") into the lattice
of Sb,S; and (Ln: Ho3*, Nd3*, Lu3*, Sm3* Er3*,
Yb3*) into the lattice of Sb,Se; [23-26]. The
incorporation of large electropositive ions such as
lanthanides into antimony chalcogenide frame-
works is expected to lead to materials with various
properties. The incorporation of lanthanide ions
into a Sb-S framework could dramatically affect the
electronic properties of that framework. In this
study synthesis of Sb,_,In,S; (In: Yb3, Er3?)
nanocrystals by a hydrothermal route is described.
Nanomaterials of Sb,S; were synthesized by
introducing small amounts of Yb3" and Er3™ to the
Sb,S5 lattice. Structural, spectroscopic properties
and electrical conductance of the synthesized
materials are reported.

2. EXPERIMENTAL

Materials and methods

All chemicals were of analytical grade, and were
used without further purification. Sulfur powder
(0.032 g, 1 mmol) and NaOH (0.6 g, 15 mmol)

were added to distilled water (60 mL), and stirred
well for 10 min at room temperature. Afterwards,
hydrazinium hydroxide (2 mL, 40 mmol) and SbCl;
(2, 1.96, 1.94, 1.91 mmol), and Ln,O5 (In:Yb, Er)
(0.00, 0.04, 0.06, 0.09 mmol) were added, and the
mixture was transferred to a 100 mL Teflon-lined
autoclave. The autoclave was sealed, maintained at
180°C for 48 h, and then cooled to room tempera-
ture. The black precipitate obtained was filtered and
washed with ethanol and water. It wasthen dried at
room temperature. Yields for the products were 90-
95 %. Elemental analysis gave C, H and N contents
of below 0.1%. Phase identification was performed
with an X-ray powder diffractometer (XRD D5000
Siemens) with Cu-K, radiation. The morphology of
the materials was examined using a JEOL
JSM-6700F Scanning Electron Microscope.
Elemental analyses were carried out using a linked
ISIS-300, Oxford EDS (energy dispersion spec-
troscopy) detector. The samples were coated with
gold powder before SEM and EDS measurements.
The HRTEM image and SAED pattern were
recorded by a Cs-corrected high-resolution TEM
(JEM-2200FS, JEOL) operated at 200 kV.
Photoluminescence measurements were carried out
using a Spex FluoroMax-3 spectrometer after
dispersing a trace amount of sample via ultrasound
in distilled water. Cell parameters were calculated
with Celref program from powder XRD patterns,
and reflections have been determined and fitted
using a profile fitting procedure with the Winxpow
program. The reflections observed in 20 = 4-70°
were used for the lattice parameter determination.

3. RESULTS AND DISCUSSION

Sb,_,In, S5 (In: Yb3*, Er3*) samples were prepared
by a hydrothermal co--reduction method. The
powder X-ray diffraction (P-XRD) patterns (see
Figure 1) indicate that the Yb3*-doped powders
have the same orthorhombic structure as Sb,S; and
that single phase Sb,S5 is retained at lower doping
concentrations of Ln3*. All the peaks in the Figure
1 can be attributed to the orthorhombic phase of
Sb, S5 with lattice parameters a=11.22 A b=11.28A
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Figure 1: Powder X-ray diffraction patterns of Sb,_Yb,Se; (a: x = 0.0, b: x = 0.03,
c: x =0.06, d: x = 0.09) synthesized at 180°C and 48 h.

Sb Er Sb S

Energy kev

Figure 2: EDX patterns of Sbo_,Er,S3.

and ¢=3.84 A (JCPDS card File: 42-1393). In case
of Er-doped Sb,S;, the intensity of some peaks
are changed .Beyond doping levels of x = 0.09 for
Yb3* and Er3* additional unknown phases were
observed.

The EDX analysis of the product confirms the

ratio of Sb/S/Er as expected (Figure 2). Also, ICP
analysis confirms the exact amount of doping.

The cell parameters of the synthesized materials
were calculated from the XRD patterns. With
increasing dopant content (x), the a and ¢ parameter
for Yb3* and Er3" increases, while the b parameter
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Figure 3: The lattice constant of Sb, [n,S; (x = 0 to
0.09) dependent upon Ln3* doping on Sb3* sites.

decreases (Figure 3). The trend for lattice constants
can be correlated to the effective ionic radii of the
Ln3" ions, assuming that the radius of Er3" is
larger than that of Yb3", which results in greater
amount of lattice parameters for Er3* doped
materials.
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Fiure 4: SEM image of Sb,S3 nanorods synthesized at
180°C and 48h.

Scanning electron microscopic (SEM) images of
Sb,Se; nanorods are shown in Figures 4. Rods of
about 4 um lengths and thicknesses of 20-110 nm
are observed for Sb,Ses.

Doping Yb3" into the structure of Sb,S; changes
the morphology from rods to flowers. The thickness
of the sheets in case of Sb; 91 Ybg (¢S5 is less than
25 nm (Figure 5). The average diameter of the
created pores in this morphology was estimated to
be about 200 nm.

Figure 5: SEM image of Sb;g1Ybg 09S3 nanoflowers
synthesized at 180°C and 48 h.
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Figure 6: SEM image of Sby g:Erp 09S3 nanoparticles
synthesized at 180°C and 48 h.
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Figure 7: TEM image and SAED pattern of
Sb; 91Ybg 09S3 nanoflowers synthesized at 180°C and
48 h.

(b)

Figure 8: TEM image and SAED pattern of Sby g4
Ery 09S3 nanoparticles synthesized at 180°C and 48 h.
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Figure 9: Absorption spectra of Sbyg:Ybg09S3 and
Sb1.91Er0.09Ss-
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Figure 10: Energy level diagrams of Yb3* and Er3* ions.

Also, doping of Er3* into the structure of Sb,Ss
changes the morphology from rods to particles
(Figure 6). The average diameter of Sb; g1Er( (9S3
particles was estimated to be about 50 nm.

The TEM images obtained in ethanol/water
media show that the Sb; 91Ybg(9S; flowers are
uniform and confirm the result of SEM images
(Figure 7a). The surface diameter of sheets in
Sb; 91Ybg 09S3 is 650 nm. Figure 7b shows SAED
pattern and crystalinity of nanoflowers.

Figure 8a and b shows TEM image and SAED
patterns of Sb; 9;Yb 19S3 nanoparticles obtained

Sb 91Erp.0053
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Figure 11: Emission spectra for Sb,S;: Yb3* and
Sb,Ss: Er3* at RT.

in ethanol/water media that confirms the result
through SEM images.

The absorption spectra of Sby g;1Ybg (9S; and
Sb; 91Ybg 09S5 crystals in the UV-Vis and near-IR
region of 190-1000 nm are shown in Figure 9.
Absorption spectra reveal the existence of Sb,S5 (in
the near-UV) and Yb3™ ions in near-IR domain. For
Sb; 91 Ybg 09S3 transition of the Er3* ions are not
observed because of instrument limitation. There is
a red shift in doped materials in comparison to pure
Sb,S5 .

These spectra are characterized by a small band
in near-IR spectral domain, corresponding to the
2F7/2—+2F5), transition (f-f transitions) of the Yb3*

Conduction Band

g oods o

VAR
Y

Valence Band

Scheme 1: Schematic band-gap model for the luminescence of pure Sb,S3

and Ln3* doped in Sb,S;.
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ions at 695 nm and by a strong absorption band in
UV domain characteristic for Sb,S;. The energy
level diagram is also proposed taking into account
the optical absorption data of Loh [27] (Figure 10).

In case of Sby ¢;Er (9S3, intra-4f Er3™ transi-
tions of the 4I;;,, and 413/, levels to the ground
state (4l;5,) are expected around 1.54 um.
However, these can not be determined due to
equipment limitations [28]. Figure 11 exhibits the
RT PL emission spectra of Er3* and Yb3" in Sb,S;.
Both the PL excitation spectra of Yb3* and Er3* are
dominated by a strong UV broad band centered at
420 nm and 465 nm, respectively, which corre-
sponds to the band-gap absorption peak of Sb,Ss;.
Whereas, the emission spectra display the
fingerprints of Yb3* and Er3" ions suggesting that
the Yb3* and Er3* emissions could be achieved via
an ET process from the Sb,S5 host to emitters. In
this process, the Sb,S; host serves as a light-
harvesting antenna (i.e. sensitizer) to absorb UV
excitation light and subsequently transferres energy
to the dopants, resulting in the luminescence
of the 2F5;,—2F;), transition of Yb3' and the
4,3/, 5/, transition of Er3". Emission of
intra-4f Yb3* transition is occured around 890 nm
in addition to emission band of Sb,S; lattice at
540 nm. But emission originating from Er3* are
occurred around 1540 nm and can not be seen due
to equipment limitations[29,30]. Therefore, just
emission of Sb,S; related to Er-doped lattice with
red shift in comparison to Sb,S5 are observed at
490 nm and 540 nm.

In doped semiconductors, two types of
emissions are responsible for the dopant (impurity)
luminescence. One can be observed only upon
direct excitation of the dopant. The second type is
obtained if energy transfer from host to dopant
occurs. Scheme 1 shows band-gap model for the
luminescence of pure and Ln3" doped in Sb,S;.

Binary compounds such as Sb,S; and its alloys
are thermoelectric materials with small band gap
and layered crystalline structures. These materials
have been investigated for direct conversion of
thermal energy to electric energy and they specially
are using for electronic refrigeration [31,32]. The
electerical resistivity of compounds is shown in
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Figure 12: Electerical (a) and Thermoelectrical (b)
resistivity of Sb,_,Ln,S3 (x = 0 to 0.09).

Figure 12a. Increasing lanthanide cations concen-
tration, the electrical resistivity of synthesized nano
materials plumetted obviousely.In the case of Yb3*-
doped compounds the minimum value of electerical
resistivity is 0.063 Qm and about Er3*-doped
compounds is 0.057 Qm. Also, the temperature
dependence of the electrical resistivity for
Sb; 91Erp 09S3 and Sby g1Er o9S; between 290-
340 K is shown in Figure 12b indicating that
electrical resistivity decreases linearly with
temperature. At room temperature the electrical
resistivity of pure Sb,S; was of the order of
0.1 Qm and in the case of Sbyg;Ybg (oS5 and
Sb; 91Erg oS3 were 6.3x102 Q.m and 5.7x
10-2 Q.m, respectively. As a result, the electrical
conductivity of doped-Sb,S; are higher than pure
Sb,S; at room temperature and increase with
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temperature. Between doped compounds, Er3*-
doped Sb,S; has higher electrical conductivity
than Yb3*-doped Sb,S5.

4. CONCLUSIONS

Novel luminescent Ln,Sb,,S; (Ln: Er3*, Yb3")
based nanomaterials were synthesized by a simple
and efficient co-reduction method at 48 h and
180°C at basic media. SEM images show that
doping of Ln3* into the sites of the Sb3* results in
different morphology. Emission spectra of Yb3*
doped materials, in addition to the characteristic red
emission peaks of Sb,Se; emission, show other
bands originating very probably from the
2F5,,=2F5), in case of Yb3" doped crystals.
Rare earth doping improves the electrical
conductivity of Sb,S; dramatically as well as
thermoelectrical conductivity. Due to the lower
value for electrical conductivity in case of Yb3*-
doped nanoflowers, morphology has influence on
electrical properties.
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