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a  b  s  t  r  a  c  t

Beside  their  promising  utility  as  thermoelectric  generators,  Bi2Te3 and  related  compounds
have  several  applications  in electronic  and  optoelectronic  devices.  In  this  work,  Bi2Te2.7Se0.3

nanoparticles  (NPs)  were  successfully  prepared  via  physical  vapor  deposition  technique  at
different  conditions  of flow  rate  and  temperature.  The  x-ray  diffraction  patterns  show  that,
the NPs crystallize  in a rhombohedral  crystal  structure  with  preferable  growth  along  the
(015)  plane.  Field-emission  scanning  electron  microscope  (FE-SEM)  investigation  shows
that the  NPs  size  depends  significantly  on  the  synthesis  conditions  of flow  rate and  tem-
perature  where  it  decreases  with  the  decrease  in  the former  or with  the increase  in  the  later.
The effect  of  deposition  conditions  on  the  final  morphology  can be  interpreted  through  the
accompanied  variation  in the concentration  of  the gaseous  precursors  in the  hot  zone.  The
optical  properties  were  studied  using Kubelka-Munk  theory.  Optical  band  gaps  of  0.52,  0.58,
0.53 eV  were  determined  for the  samples  synthesized  under  different  conditions.

© 2017  Elsevier  GmbH.  All  rights  reserved.

. Introduction

Bi2Te3 and its based solid solutions are layered structure with rhombohedral unit cell (space group:R-3m) such that
he bismuth and tellurium atoms are arranged in parallel layers following the sequence Te(1)-Bi-Te(2)−Bi-Te [1] which is
ontinually repeated [1]. In addition to their efficiency as thermoelectric materials [2–5] which culminated in the fabrication
f thermoelectric generator and thermo-coolers, these compounds have several applications in electronics, microelectronics,
ptoelectronics and electromechanical devices [6]. For example, such compounds are used as photoconductive targets in
V cameras, IR spectroscopy, IR detectors and sensors [7–10]. Also, Bi2Te3 is a narrow band gap semiconductor and thus it
ould be exploited in other applications like temperature controller in laser diode [11] and optical recording system [12].
ccording to the presence of point defects, Bi2Te3 can exhibit either p- or n- type conduction but n-type is the most common
s a result of considerable amount of anti-site point defects through the occupying of Te site with bismuth site [6].There are
everal strategies that were introduced to improve the thermoelectric performance of Bi2Te3 like doping, nanostructuring
nd nanocomposites [13].
Indeed, a great enhancement was achieved especially in nanostructures which can be attributed to the increase of density
f states (DOS) and the decrease in the thermal conductivity through the scattering of the phonons across the boundaries
14]. Doping with antimony (Sb) [15] and selenium (Se) [16] is adopted strategy in order to enhance the physical properties of
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Bi2Te3. There are various techniques that are used for the synthesis of Bi2Te3 based compounds such as thermal evaporation
[17], co-sputtering [18] molecular beam epitaxy [19], solvothermal method [20],etc. In this work, Bi2Te2.7Se0.3 compound has
been synthesized by physical vapor deposition (PVD) method. Although, this compound has fuelled an intense research as an
efficient thermoelectric material, few papers that focused on studying the effect of deposition on its structure, morphology
and optical properties which have been presented here.

2. Experimental method

Bi2Te2.7Se0.3 NPs were synthesized from a bulk alloy as a source material using the physical vapor deposition (PVD)
technique and the procedures can be summarized as the following: (i) The source material was  placed in the hot zone
at a certain temperature (T) to transform the solidus material to gaseous phase. (ii) Argon gas (Ar) was used as a carrier
gas to transport the NPs formed in the gaseous phase to the cold zone. (iii) The Bi2Te2.7Se0.3 NPs were deposited on glass
substrates placed in the cold zone at temperature not higher than 200 ◦C. (iv) After furnace cooling to the room temperature,
the deposited NPs were extracted from the cold zone for carrying out the various investigations and measurements.

Noteworthy, three samples of deposited Bi2Te2.7Se0.3 NPs were synthesized at different conditions of temperature and
flow rate, specifically, (1035 ◦C, 270 SCCM), (825 ◦C, 270 SCCM) and (825 ◦C, 225 SCCM) and denoted in the following as sample
A–C, respectively as a matter of facilitation. The samples were characterized using the x-ray diffraction (XRD) (Brucker Axs-D8
Advance diffractometer with Cu-K� radiation at � = 0.154178 nm). The surface morphology and structure were demonstrated
using scanning electron microscope (SEM) model: Quanta FEG250 for imaging the surface morphology. To study the optical
properties of the synthesized samples, A Jascov-570 UV–vis-NIR spectrophotometer was  employed to record the reflection
spectrum over the wavelength range 200–2500 nm at both normal incidence and room temperature. Diffuse reflectance
spectrum was obtained using a diffuse reflectance accessory model ISN-470, and the reflectance was converted by the
instrument software to F(R) values according to Kubelka-Munk method.

3. Results and discussion

3.1. Structure and morphology

3.1.1. Effect of deposition conditions on the structure
Fig. 2a shows the XRD pattern of the synthesized samples A–C. The data confirm that the NPs for all samples crystallize

in polycrystalline rhombohedral structure with preferential orientation along (015) direction. With respect to the sample
(A), all peaks can be indexed to Bi2Te3 compound with preferable growth through (015) plane. The peaks can be indexed
using standard reflection data of JCPDS card no. 85–0439. The sharpness of the peaks confirms the good crystallinity of the
products. No additional peaks correspond to Te, Se, Bi or other impurities were observed indicating to the high purity of the
sample.

The x-ray pattern of sample (B) reveals that the phase is Te-rich Bi2Te3 indicating the simultaneous co-existence of Bi2Te3
and Te atoms (denoted by *). Additional small peak corresponding to Bi (denoted by �) could be observed. Noteworthy, the
strong appearance of Te peaks here can be attributed to the decrease in temperature in the hot zone. Where, once the thermal
decomposition of the bulk alloy occurs, the elements begin to evaporate with different evaporation rate [21]. The decrease
in temperature with fixing the flow rate of argon leads to a reduce in the concentration of the gaseous precursors in the hot
zone and hence, the chance of Bi atom to meat and react with Te atom in the hot zone decreases which make limitation for
the growth of Bi2Te3 phase. This hypothesis is also assured if we take in consideration that the nucleation and growth of Te
atoms is faster than Bi2Te3 [22].

The x-ray data of sample (C) illustrates a decrease in the intensity of the Bi and Te peaks as shown in Fig. 2a. The reason
for the lack of Te and Bi phases here can be attributed to the increase of the concentration of gaseous precursors in the hot
zone compared to sample (B) due to the decrease in the flow rate which leads to the increase of the chance of Bi and Te
atoms to react and form Bi2Te3 compound.

The average crystallite size (DXRD) was calculated using Debye–Sherrer’s equation [23] D = 0.9 �/� cos � where, � is
the glancing angle, � is the wavelength of Cu k� radiation (� = 1.5406 Å) and � is the full width at half maximum. Also,

The dislocation density(�) which assess the proportion of defects through the samples is calculated using this formula
� = 1/(DXRD) 2 [24]. It is well known that as the crystallite size becomes smaller the lattice strain (�) becomes larger and the
x-ray diffraction peak becomes broader [25]. The strain is calculated using this formula � = � cos�/4 [26]. All the previously
mentioned x-ray parameters are tabulated in Table 1.

Table 1
XRD parameters of the synthesized samples.

Sample FWHM DXRD(nm) � (nm)−2 (10)−3 � (10)−3

(A) 0.478 17.22 3.3 2
(B)  0.299 27.48 1.3 1.2
(C)  0.276 29.77 1.1 1.1
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Fig. 1. shows a schematic diagram of PVD system.

According to the XRD parameters, one can observe that with decreasing temperature or flow rate the DXRD increases
nd this can be attributed to the resultant decrease of the density of species in the hot zone. Also, the � decreases with the
ecrease in either temperature or flow rate as a result to the crystallization process becomes more slower. In addition, as it

s expected [25], a decrease in the lattice strain was found with the decrease in either temperature or flow rate due to the
ecrease in the dislocation density.

.1.2. Effect of deposition conditions on the morphology
Field emission scanning electron microscope (FE-SEM) images as shown in Fig. 1(a–c) show that the synthesis conditions

f temperature and flow rate have a significant effect on the final morphology of the products. To be specific, the images
llustrate that the Bi2Te2.7Se0.3 consist of spherical NPs, but both of the average size and size distribution depend on the
ynthesis temperature and flow rate. The histograms depicted as insets in Fig. 1(a–c) reveal that the particles of sample
A) have much larger average size (∼600 nm)  compared to that of sample (B) (∼228 nm). This can be attributed to the high
ynthesis temperature (1035 ◦C) which led to a high evaporation rate of the source material and thus a high concentration

f the gaseous precursors in the reactor during the synthesis process. Also, due to high temperature in the reactor, the tiny
articles coalesce in large particles due to the repining effect and growth continuation. In contrast, as the temperature was
xed at 825 ◦C (samples (B) and (C)), the decrease in the flow rate from 270 to 225 SCCM results in an increase in the particle
ize from ∼228 to 379 nm.  This can be interpreted as the following: by decreasing the flow rate, the time of survival of the

ig. 2. XRD patterns (a), FE-SEM (b–d) corresponding to the samples A–C, respectively, of Bi2Te2.7Se0.3 NPs. Insets in Figs. b–d show the particle size
istribution of the prepared samples.
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Fig. 3. the variation of diffuse reflection spectrum (a), Kubelka-Munk function (b), [F(R)h�]2 versus h� (c), wavelength dependence of the refractive index
(d).

gaseous precursor in the hot zone becomes larger and tiny particles will coalesce to each other leading to the formation of
larger particle size [27–28]

3.2. Optical properties

Diffuse reflection spectrum of the samples under study were recorded at room temperature as shown in Fig. 3a, then
converted to absorption spectrum, as shown in Fig. 3b, by employing Kubelka–Munk theory [29–30] using the formula:
F(R) = � = (1-R)2/2R, where � is the absorption coefficient, R is the diffuse reflection factor and F(R) is the Kubelka-Munk func-
tion. Using the calculated optical absorption coefficient through Kubelka–Munk theory, the optical band gap of Bi2Te2.7Se0.3
specimens were determined using Tauc’s law [31–32] [F(R)h�]n = ˇ(h�-Eop) in which h�, �, and Eop are the incident photon
energy, proportionality constant, and optical band gap, respectively. The exponent n equals 2 or 1/2 for direct or indirect
transitions, respectively. By extrapolating the linear portion of the plots of [F(R)h�]2 and [F(R)h�]1/2 versus h� (see Fig. 3c),
the optical band gap (Eop) could be determined as shown in Fig. 2c.The calculated optical band gaps are 0.52, 0.58, 0.53 eV
for samples (A)–(C), respectively.

These values are larger than the values calculated for the bulk Bi2Te3 (0.15 eV) and this can be ascribed to both of
the incorporation of Se instead of Te [33] in its lattice and the quantum confinement effects resulting from the nano-
sized dimensions [34]. Kadhim et al. reported an optical band gap of 0.43 eV for Bi2Te3 which increased to 0.73 eV with
Se incorporation [33]. Also, Zimmer et al. [35] determined a direct optical band gap of 0.6 eV for Bi2Te2.7Se0.3 thin film. It
is worth mentioning that, in this work, the maximum value of the optical band gap (0.58 eV) was  obtained for sample (B)
and this can be attributed to both of the smaller particle size than samples A and C and the extra existence of unreacted
Te atoms in it. The refractive index (n) of Bi2Te2.7Se0.3 samples at hand were calculated as presented elsewhere [36], and
the corresponding average values of refractive index are 2.12, 1.88 and 1.9 in the visible regions and 1.82, 2 and 1.87 near
infrared for samples (A)–(C), respectively (see Fig. 3d). The free carrier concentration (N) was  estimated optically according
to Drud’s model as presented elsewhere [37]. The corresponding value of N for Bi2Te2.7Se0.3 samples were found to be equal
to 3.59 × 1019, 1.75 × 1020 and 3.14 × 1019 cm−3 for the samples A–C, respectively.
4. Conclusion

Bi2Te2.7Se0.3 nanoparticles (NPs) were successfully prepared using physical vapor deposition (PVD) technique at different
conditions of temperature and flow rate. XRD patterns confirm that the structure of the NPs is polycrystalline in nature and
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aving rhombohedral crystal structure. The effect of deposition conditions on the internal structure and morphology was
tudied in detail. It was found that a significant decrease in the particle size can be obtained with a decrease in the temperature
r an increase in the flow rate. Optical band gaps of 0.52, 0.58, 0.53 eV for the samples were calculated using Kubelka-Munk
odel. The difference in the value of the optical band gaps can be ascribed to the difference in both of the particle size

nd the proportion of unreacted Te atoms within the material. So, to obtain Bi2Te2.7Se0.3 NPs with desired purity, structure
nd morphology, the deposition conditions should be optimized. Our samples can be employed in several applications in
ptoelectronic devices.
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