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Abstract
We report the growth of Ni-doped  Bi0.5Sb1.35Ni0.15Te3 single crystal via the self-flux method. The crystalline nature of a 
grown single crystal was confirmed by the X-ray diffraction technique (XRD). Interestingly, the XRD pattern shows a sharp 
reflections of < 0 0 l > type of planes, revealing the growth of the crystal in c-direction. The grown single crystal was subjected 
for measurement of field dependence magnetization at 300 K and temperature-dependent magnetic moment. The electronic 
transport property of bulk single crystal was also carried out in a wide range of temperatures from 150 to 450 K. Reasonably 
large electrical conductivity σ ~ 1584 S/cm at room temperature was observed which shows  ~ 400% enhancement in σ than 
the electrical conductivity of bare  Bi0.5Sb1.5Te3 single crystal (400 S/cm at 300 K). This enhanced electrical conductivity 
results to significant power factor ~ 1.68 × 10− 3 W/m  K2 at 300K which is 163% larger than that of bare  Bi0.5Sb1.5Te3 single 
crystal (6.45 × 10− 4 W/m  K2). Magnetic properties of a single crystal of  Bi0.5Sb1.35Ni0.15Te3 reveal ferromagnetic behavior 
at 300 K. The photoluminescence (PL) behavior of  Bi0.5Sb1.35Ni0.15Te3 single-crystal was also scrutinized. The PL spectra 
of  Bi0.5Sb1.35Ni0.15Te3 single crystal shows the strong red emission peak in the visible region from 600 to 690 nm upon 
excitation at 375 nm wavelength, which corresponds to the optical bandgap of 2.1 eV.

1 Introduction

Research on thermoelectric materials is becoming an 
intriguing topic since the past decades due to owing their 
demand for power generation and cooling applications. The 
performance of thermoelectric materials is elucidated by the 
dimensionless figure of merit, ZT = (α2σ/ κ) T where σ, α, 
and κ are the electrical conductivity, Seebeck coefficient, 
and total thermal conductivity, respectively, at the absolute 
temperature (T) [1]. Improving the power factor, α2σ, seems 
to be an excellent approach to enhance the efficiency of ther-
moelectric materials. There are different approaches such 
that multiple band convergences [2–4], tuning the bandgap 
[5–7], modulation of carrier scattering mechanisms [8, 9] 
and inducing modulated doping to enhance power factor of 
materials. Recently, the strategy of doping of magnetic ion 
has been investigated to escalate the thermopower [10–13]. 

There has also been the efficacy of magnetic doping on the 
thermoelectric properties of antiferromagnetic  CuFeS2 chal-
copyrites [10, 11, and 13] and  CuGaTe2 chalcopyrite [12].

Bi2Te3 thermoelectric materials have been investigated 
extensively due to its excellent thermoelectric properties at 
room temperature.  Bi2Te3 has a rhombohedral structure with 
space group R -3 m (#166). It exhibits a layered structure 
assembled in three quintuple layers of Te(1)-Bi-Te(2)-Bi-
Te(1).  Bi2Te3 is also one of the well-known 3D topological 
insulators. It has a large electronic bandgap with a single 
Dirac-cone-like topologically protected metallic surface. 
The insulating behavior of this material from the interior 
and conducting at the surface makes it a potential candidate 
for optoelectronic applications and tera-hertz applications 
[14–16].

Bi0.5Sb1.5Te3 is the best-optimized composition so far, 
which is being used for low-temperature applications [17]. 
Recently, magnetic dopants, e.g., Cr, Ni, and Mn-doped 
 Bi2Te3-based thermoelectric materials, have also been 
shown as an efficient strategy to achieve high efficiency 
[18–20]. J. B. et al. [20] reported magnetic doping of Cr in 
 Bi2Te3 yielding improved efficiency due to magnetic interac-
tion with carriers. Moreover, Mn doping in  Bi0.5Sb1.5Te3 has 
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also been reported to increase carrier concentration yield-
ing to enhanced ZT [18].

Herein, we have taken magnetic dopant Ni to dope in 
 Bi0.5Sb1.5Te3 and adopted the self-flux method to grow 
diluted magnetic  Bi0.5Sb1.35Ni0.15Te3 single crystal. The 
good crystalline bulk single crystal was obtained, which 
was confirmed by the XRD diffraction investigation. Further, 
we have studied electrical transport, magnetic, and optical 
behavior of the present crystal. Present material exhibits 
improved electronic transport, enhanced magnetic prop-
erties, and significant optical bandgap which are paving a 
potential candidate for numerous applications in the field of 
thermoelectric, topological insulators, and optoelectronics.

.

2  Experimental details

The high-purity elements of Bi (99.5%), Sb (99%), Ni 
(99%), and Te (99.5%) were weighed according to the stoi-
chiometric ratio and mixed well. The mixed powder was 
sealed in a quartz tube under the pressure of  10− 5 Torr. 
The sealed quartz tube is subjected to the electronically 

controlled furnace for the solid-state thermal reaction [21, 
22]. The furnace temperature was initially set at 900 °C for 
7 h 30 min and subsequently was kept on hold at 900 °C 
for 12 h. Further, furnace temperature was set to decreas-
ing with a rate of 1 °C/ hour till it reaches 600 °C, and then 
the furnace has switched off for standard cooling to room 
temperature [23]. Heat treatment and the growth process 
of single crystal are shown in the schematic diagram in 
Fig. 1. The powder X-ray diffractometer (PXRD, model: 
Rigaku Mini Flex II) operated at 30 kV and 20 mA using 
Cu-Kα radiation (λ = 1.54 Å) in the range 20° to 80° of 2Θ 
is used to investigate the crystal structure of grown single 
crystal. The PXRD was performed on the flake of a single 
crystal and on the powder sample of the same flake of 
single crystal. Transmission electron microscopy (TEM) 
was used to determine the microstructure. The magnetic 
property was examined by vibrating sample magnetometer 
(VSM; (PPMS-14T, Cryogenics), and Seebeck coefficient 
and resistivity were measured by ZEM3-L Advance Riko, 
Japan from 150 to 413 K on a single crystal. Further, its 
optical emission was measured using the WITec alpha 
300R + confocal PL microscope system using a 375 nm 
diode laser as a source of excitation.

Fig. 1  Stages involved in the growth of single-crystal  Bi0.5Sb1.35Ni0.15Te3
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3  Result and discussion

3.1  Structural analysis

3.1.1  XRD investigation

Figure 2a presents the XRD pattern performed on freshly 
cleaved  Bi0.5Sb1.35Ni0.15Te3 single crystal in the wide 

angular range from 2Θ = 20° to 80°. Interestingly, only 
sharp ref lections of < 0, 0, l > type of planes were 
observed, revealing a single crystal of  Bi0.5Sb1.35Ni0.15Te3 
which grown in c-direction. Figure 2b presents X-ray dif-
fraction pattern of powder sample obtained from crystal. 
One can notice that peaks are well indexed with 
 Bi0.5Sb1.5Te3 phase of rhombohedral structure with space 
group R-3m (#166). No impurity phase was observed 
within the detection limit of PXRD. Here, we have esti-
mated the crystallite size of sample  Bi0.5Sb1.35Ni0.15Te3 
using Debye–Scherer formula [24–28] as d =

0.89�

�cos�
 where 

λ = wavelength of x-ray (0.1542 nm), ϴ = Bragg’s diffrac-
tion angle, and β = full width at half-maximum.

Here the most intense peaks of  Bi0.5Sb1.35Ni0.15Te3 in 
Fig. 2b were used to study the crystalline structure factor 
and for evaluating crystallite size. The most intense peaks 
of planes (0 1 5) and (1010) were taken for evaluation of 
the crystallite structure factor of  Bi0.5Sb1.35Ni0.15Te3, which 
is presented in the Table 1. One can observe from Table 1 
that the average crystallite size of  Bi0.5Sb1.35Ni0.15Te3 was 
found to be 39.82 nm.

The Rietveld refinement was performed on powder 
XRD via Full Prof Toolbar Software and is presented 
in Fig. 2(c). The refinement of the lattice parameter of 
 Bi0.5Sb1.35Ni0.15Te3 reveals that Ni doping on the Sb 
site results in decrease in its value, as shown in Table 2. 
The decrease in the lattice parameter could be due to the 
occupation of Ni (~ 130 pm) to the Sb site (~ 140 pm) in 
 Bi0.5Sb1.35Ni0.15Te3 material.

Fig. 2  a  XRD pattern of bulk  Bi0.5Sb1.35Ni0.15Te3 single crystal. 
b The powder XRD pattern of crushed powder of  Bi0.5Sb1.35Ni0.15Te3 
and c  Rietveld refinement of powder XRD pattern of 
 Bi0.5Sb1.35Ni0.15Te3

Table 1  Parameters for the calculation of the crystallite size of 
 Bi0.5Sb1.35Ni0.15Te3

Diffraction 
Planes

Peak Posi-
tion
(2ϴ in 
degree)

FWHM
(β)

Crystallite 
Size
(nm)

Average size
(nm)

(0 1 5) 28.0647 0.1804 44.92 39.82
(1010) 38.1374 0.2396 34.73

Table 2  Physical parameters obtained for  Bi0.5Sb1.35Ni0.15Te3

Physical parameters Bi0.5Sb1.5Te3 Bi0.5S
b1.35Ni
0.15Te3

a (Å) 4.30 Ref[29] 4.28
c (Å) 30.5 Ref[29] 30.45
n  (1019/cm3) 2.3 Ref[30] 3.1
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3.1.2  Transmission electron microscopy

In order to investigate the microstructure and internal struc-
ture of  Bi0.5Sb1.35Ni0.15Te3 crystal, transmission electron 
microscopy (TEM) was performed. The bright-field TEM 
image of  Bi0.5Sb1.35Ni0.15Te3 presented in Fig. 3a reveals 
a well-oriented crystal with a layered structure. The high-
resolution TEM obtained from the same sample is presented 
in Fig. 3b with a SAED (Inset Fig. 3b). HRTEM image 
(Fig. 3b) reveals lattice fringes along (015) of the rhombo-
hedral  Bi2Te3 structure. The SAED pattern shown in inset 
Fig. 3b confirms a rhombohedral  Bi2Te3 structure with zone 
axis [001].

3.2  Electronic transport properties

Figure 4a–c displays temperature-dependent electrical con-
ductivity, Seebeck coefficient, and calculated power fac-
tor. Temperature-dependent electrical conductivity; σ of 
 Bi0.5Sb1.35Ni0.15Te3 (Fig. 4a) reveals that σ decreases with 
increasing temperature indicating metallic in nature. Regard-
less of temperature, the electrical conductivity of bulk 
 Bi0.5Sb1.35Ni0.15Te3 single crystal exhibits ~ 1584 S/cm at 
313 K which is much higher than that of bulk single-crystal 
 Bi0.5Sb1.5Te3 (σ ~ 400 S/cm at 313 K) as reported by Drašar 
et al. [32]. The increased electrical conductivity is ascribed 
to enhanced carrier concentration due to the substitution of 
Ni on the Sb site as Ni has fewer electrons in outermost 
orbital than the Bi and Sb. The carrier concentration of 
pristine  Bi0.5Sb1.5Te3 and single-crystal  Bi0.5Sb1.35Ni0.15Te3 
is presented in Table 2. With increasing temperature, the 
decrease of electrical conductivity of  Bi0.5Sb1.35Ni0.15Te3 
may be attributed to low mobility of charge carriers due 
to pairing of the hole and electron caused by minor charge 
excitation and also due to hole–electron hoping with small 

polaron (lattice distortion) at elevated temperature similar 
to other report [31].

The carrier concentration of pristine  Bi0.5Sb1.5Te3 
and single-crystal  Bi0.5Sb1.35Ni0.15Te3 is presented in 
Table 2. Figure 4b represents the Seebeck coefficient of 
 Bi0.5Sb1.35Ni0.15Te3 single crystal with increasing tempera-
ture. The single crystal of  Bi0.5Sb1.35Ni0.15Te3 exhibits the 
positive value of the Seebeck coefficient in the entire temper-
ature suggesting holes to be a majority charge carriers. The 
Temperature-dependent Seebeck coefficient reveals that the 
Seebeck coefficient increases with increasing temperature 
as expected by the Mott equation [33]. However, the See-
beck coefficient of its single crystal of  Bi0.5Sb1.35Ni0.15Te3 
was found to be decreased when compared to that of bare 
bulk commercial composition Bi0.5Sb1.5Te3. The decrease in 
Seebeck coefficient of  Bi0.5Sb1.35Ni0.15Te3 (α = 105 µV/K at 
413 K) from commercial composition  Bi0.5Sb1.5Te3 (α = 200 
µV/K at 413 K)  can be understood by using a transport 
equation for degenerated semiconductor [33]:

where K is Boltzmann constant, h is Planck constant, m* 
is effective mass, and n is carrier concentration.

One can clearly notice from the above equation that the 
Seebeck coefficient is inversely proportional to  n2/3 of carrier 
concentration on keeping m* and T constant. Thus, reduc-
tion of Seebeck coefficient of  Bi0.5Sb1.35Ni0.15Te3 (105 µV/K 
at 413 K) single crystal from the commercial composition 
 Bi0.5Sb1.5Te3 (200 µV/K at 413 K) is a result of increased 
carrier concentration occurred due to doping of Ni in 
 Bi0.5Sb1.5Te3 as explained above. In addition to this, one can 
clearly notice the discontinuity and change in the slope of the 
temperature-dependent Seebeck coefficient (Fig. 4b) which 

� =
8�2

K
2
m

∗
T

3eh2
(
�

3n
)
2∕3

Fig. 3  a Bright-field TEM image and b HRTEM image with corresponding SAED (inset b) pattern of  Bi0.5Sb1.35Ni0.15Te3
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reflects the occurrence of ferromagnetic–paramagnetic tran-
sitions at 300 K. This anomalous behavior of the tempera-
ture-dependent Seebeck coefficient for  Bi0.5Sb1.35Ni0.15Te3 
is consistent with magnetic behavior discussed in the forth-
coming section. As expected, a higher value of the Seebeck 
coefficient is observed in the paramagnetic region above 
300 K, which is possibly due to Ni 3d states lying at  Ef and 
splitting of Ni 3d band away from a ferromagnetic region 
similar to an observation in a recent report [20].

The calculated power factor (α2σ) with increasing tem-
perature is presented in the Fig. 4c. A large power factor 

(1.32 × 10−3 W/m  K2) of  Bi0.5Sb1.35Ni0.15Te3 at 413 K is 
achieved which is 20% larger than that of very recently Cr-
doped  Bi2Te3 (1.1 × 10−3 W/m  K2 at 413 K) [20] and 163% 
larger than bare single-crystal  Bi0.5Sb1.5Te3 (0.63 × 10−3 
W/ m  K2 at 300  K) as reported by Drašar et  al. [32]. 
The enhanced power factor of present material makes it a 
potential thermoelectric material.

3.3  Magnetic properties

Magnetic dopant Ni-doped in  Bi0.5Sb1.5Te3 provides 
us an impetus to investigate the magnetic properties 
of  Bi0.5Sb1.35Ni0.15Te3 single crystal. Figure  5a pre-
sents the magnetization behavior of  Bi0.5Sb1.35Ni0.15Te3, 
which exhibits  ferromagnetic ordering. Fluctuations in the 
magnetization observed in Fig. 5a could be attributed to 
the other non-magnetic elements present in the sample of 
 Bi0.5Sb1.35Ni0.15Te3 single crystal. The paramagnetic transi-
tion temperature (Curie temperature) TC could be estimated 
by extending the M-T curve, which may occur above the 
room temperature. Interestingly, the ferromagnetic order-
ing of present crystal was observed  up to 300 K (Fig. 5a), 
which is higher than the temperature reported for Mn or 
Fe-doped  Bi2Te3 (all below 50 K) [34–37]. Further, we have 
investigated magnetization behavior at 300 K with varying 
magnetic fields up to 1 T, as shown in Fig. 5b. The magneti-
zation gets saturated around the 0.5 T field. Ferromagnetic 
alignment of Ni in  Bi0.5Sb1.35Ni0.15Te3 is also confirmed by 
observed hysteresis loop (Fig. 5b). From this investigation, 
it is believed that the improved ferromagnetic components of 
 Bi0.5Sb1.35Ni0.15Te3 crystal at a higher temperature may have 
applications in the field of topological insulators.

3.4  Photoluminescence analyses

In the process of investigating the functionality of 
 Bi0.5Sb1.35Ni0.15Te3 single crystal, we have also examined 
the optical properties of this crystal by measuring emission 
spectra employing photoluminescence (PL) spectroscopy. 
Generally, the PL technique is used to study the active sur-
face sites of materials. It gives information regarding the 
recombination of electron–hole, surface defect, oxygen 
vacancy, and phase formation of materials [38–40]. Here, the 
sample was excited at room temperature with a pump of a 
laser of 375 nm. The PL emission spectra is shown in Fig. 6 
which indicates a strong peak of red emission at ~ 612 nm 
and can be attributed to the fast recombination rate of 
photo-generated charges [40]. The optical bandgap ~ 2.1 eV 
for  Bi0.5Sb1.35Ni0.15Te3 single crystal was estimated cor-
responding to red emission peak. In addition to this, the 
intensity peak of  Bi0.5Sb1.35Ni0.15Te3 is found to be increased 
from pristine  Bi0.5Sb1.5Te3, which reflects increased charge 

Fig. 4  Temperature-dependent a  electrical conductivity, b  Seebeck 
coefficient, and c estimated power factor of  Bi0.5Sb1.35Ni0.15Te3
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carrier’s recombination in  Bi0.5Sb1.35Ni0.15Te3 as observed 
in other report [40]. It is expected that such a large optical 
bandgap of the present sample makes it a potential candidate 
for numerous applications in the field of optoelectronics [15, 
16] if studied by using various magnetic dopants.

4  Conclusion

The single-crystal  Bi0.5Sb1.35Ni0.15Te3 was successfully 
grown by the self-flux method via solid-state reaction. The 
single-crystal growth leads to significantly increased elec-
trical conductivity (1177 S/cm at 413 K) in this class of 
thermoelectric materials without much affecting the See-
beck coefficient. Significantly increased electrical conduc-
tivity results in an enhanced power factor. This enhanced 

power factor ~ 1.32 × 10− 3 W/m  K2 of  Bi0.5Sb1.35Ni0.15Te3 
at 413 K is observed to be 20% larger than that of very 
recently Cr-doped  Bi2Te3 (p.f.=1.1 × 10− 3 W/m  K2 at 
413 K) material. Magnetic doping of Ni in  Bi0.5Sb1.5Te3 
and developing single crystal as investigated in the pre-
sent work stands to be a reasonably efficient strategy to 
achieve a high power factor of thermoelectric materials 
for its enhanced efficiency. Further, observed ferromag-
netic behavior at a temperature higher than 200 K for 
 Bi0.5Sb1.35Ni0.15Te3 single-crystal manifests new insights 
to the field of topological insulators. The functionality 
of a single crystal of  Bi0.5Sb1.35Ni0.15Te3 is also exam-
ined in terms of optical properties. Interestingly, such a 
magnetically doped single crystal examined by photo-
luminescence (PL) spectroscopy reveals a large optical 
bandgap ~ 2.1 eV for  Bi0.5Sb1.35Ni0.15Te3 which makes it a 
potential candidate for numerous applications in the field 
of optoelectronics.
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Fig. 5  a Temperature dependence magnetization and b M-H curve of  Bi0.5Sb1.35Ni0.15Te3 at 300 K

Fig. 6  PL emission spectra obtained for  Bi0.5Sb1.35Ni0.15Te3
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