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ABSTRACT
In recent years, thermoelectricity has gained popularity as a renewable energy 
source, with applications including Peltier coolers and thermoelectric gen-
erators, particularly focusing on materials, like bismuth telluride and its 
doped derivatives. This study investigates  Bi2Te3,  (Bi0.98Ge0.02)2Te2.7Se0.3, and 
 (Bi0.98Ge0.02)2Te2.7Se0.3/Bi2Te3 synthesized via solid-state reaction, revealing a 
rhombohedral structure in the XRD pattern and confirming chemical compo-
sition and composite homogeneity through EDS and porosity, density, and 
selenium integration via FESEM. Electrical resistivity decreases with rising 
temperature, while the Seebeck coefficient shows a linear increase, indicating 
n-type semiconductor behaviour. The highest power factor of 108 μW/mK2 is 
achieved by  (Bi0.98Ge0.02)2Te2.7Se0.3, contrasting with the lowest of 20 μW/mK2 
observed for the pristine sample at 250 °C. Ge atoms enhance the power factor of 
 (Bi0.98Ge0.02)2Te2.7Se0.3 by 5.4 times compared to the pristine compound, making 
it ideal for thermoelectric applications through acceptor behaviour and defect 
engineering.

1 Introduction

Recently, thermoelectric materials have found 
increased demand for energy harvesting from wasted 
heat. They show important applications in power gen-
eration and coolers. Thermoelectric materials oper-
ate using the thermoelectric effect, which produces a 

voltage in response to changes in temperature. This 
includes Seebeck and Peltier effects. The efficiency of 
thermoelectric material is given by power factor (PF) 
which can be expressed by

(1)PF =

S
2

�
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Here, S is the Seebeck coefficient, and � is the electri-
cal resistivity [1]. Greater PF values results in a higher 
conversion efficiency. Therefore, lower the value of 
electrical resistivity will result in better conversion 
efficiency [2]. In semiconductors, achieving a high See-
beck coefficient necessitates a low carrier concentra-
tion, while maximizing electrical conductivity requires 
a high carrier concentration in metals. Furthermore, 
unlike metals, the carrier concentration has negligible 
impact on the electrical resistivity of doped semicon-
ductors [3].

The insertion of germanium and selenium dopants 
into the lattice of  Bi2Te3 helped in optimisation of 
both thermal and electrical conductivity with the aid 
of defect engineering. By adding more phonon scat-
tering centres and obstructing heat transfer through 
the material, selenium, on the other hand, helps lower 
thermal conductivity. By achieving the ideal balance 
between electrical and thermal conductivity, germa-
nium and selenium when combined can enhance the 
thermoelectric performance of materials in a coordi-
nated manner. A variety of applications in energy har-
vesting and waste heat recovery systems could benefit 
from the development of thermoelectric materials with 
improved efficiency in converting waste heat into elec-
trical power, which is a promising project [4].

In a back-gate configuration, Mohammad Noorozi 
et al. [5] have demonstrated a physical model to char-
acterize the thermoelectric materials of SiGe Nanow-
ire. In nanowires, carrier transport was changed by 
biasing voltage to the gate at different temperatures. 
The power factor of SiGe nanowires was found to rise 
by more than two in the temperature range of 273 K to 
450 K when compared to bulk SiGe. SiGe micro-ther-
moelectric generators (μTEG) that harness daily waste 
heat show promise as an energy source. Si and SiGe 
nanowires are promising materials because of their 
low heat conductivity and strong electric conductiv-
ity. An extensive overview of Si and SiGe nanowires, 
including their fundamental thermoelectric principles, 
materials, architectures, production, and measure-
ments, is given in the review by You et al. [6].

The most important class of thermoelectric mate-
rials is made up of  Bi2Te3 and  Bi2Se3 alloys because 
they exhibit the highest known thermoelectric effi-
ciency at low and almost room temperatures. While 
alloys based on silicon are usually used in thermoelec-
tric applications that need temperatures above 600 K 
[7]. The market for temperature control applications 
was recently dominated by  Bi2Te3 solid-state devices. 

Peltier cooling systems, particularly the portable mod-
els, are gaining increased attention in response to the 
need to reduce the greenhouse gas effect because of 
their efficiency, which is on par with that of conven-
tional refrigerant-based coolants [8, 9].

Sn’s larger atomic mass and diameter affect thermal 
conductivity performance, with SiGe alloying causing 
a 40% reduction. Experimentally, phosphorous-doped 
 Ge0.971Sn0.029 NWs show higher electrical conductivity 
and Seebeck coefficient than Si and Ge NWs. However, 
high Sn content in SiSn alloy fabrication is challeng-
ing due to lattice mismatch and low solid solubility in 
Si [10, 11]. The thermal conductivity of SiGe NWs is 
affected by factors, such as Ge fraction, diameter (D), 
and length. Thin NWs show a reduction in thermal 
conductivity compared to thick ones. The depend-
ence on thermal conductivity becomes weaker with 
increasing D and Ge content. Longer NWs have a 
higher Seebeck coefficient, while thermal conductiv-
ity decreases with increased Ge concentration and NW 
length. N-type SiGe NWs have higher ZT and power 
factor compared to P-type NWs at 300 K, possibly due 
to temperature dependence of defect interaction [ref 
6]. This work shows how to add 18% Sn content to 
GeSn layers using  SnCl4 and  GeH4 precursors, allow 
ingrain modulation, and enhance material quality, sur-
face roughness, and optical properties [12–14].

We have synthesized bismuth tel luride 
 (Bi2Te3) as a pristine,  (Bi0.98Ge0.02)2Te2.7Se0.3 and 
 (Bi0.98Ge0.02)2Te2.7Se0.3/Bi2Te3 composite structure in 
5%, 10%, 15%, and 20% compositions via solid-state 
reaction. The prepared materials are exposed to the 
characterization methods such as Powder X-ray dif-
fraction, Field Emission Scanning Electron Micros-
copy, Electrical Resistivity (30–250 °C), and Seebeck 
coefficient (30–250 °C). The research emphasizes 
the novelty of characterizing  Bi2Te3 doped with ger-
manium using a variety of techniques, demonstrat-
ing a notable 5.4 times increase in power factor for 
 (Bi0.98Ge0.02)2Te2.7Se0.3. This investigation shows 
intriguing applications in thermoelectric materials 
science and closes a knowledge gap for this combina-
tion of materials.

2  Experimental procedure

Solid-state reaction method was used for the 
synthesis of  Bi2Te3,  (Bi0.98Ge0.02)2Te2.7Se0.3, and 
 (Bi0.98Ge0.02)2Te2.7Se0.3/Bi2Te3 for (95%/5%), (90%/10%), 
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(85%/15%), and (80%/20%) composites. The initial 
precursors used were bismuth (99.99%), germanium 
(99.9%), tellurium (99.99%), and selenium (99.995%), 
which were taken in stoichiometric ratios and sintered 
to get a polycrystalline sample as the final product.

2.1  a. Synthesis of  Bi2Te3

Precursors such as bismuth and tellurium were taken 
in a stoichiometric ratio and then ground together for 
a homogeneous mixture in an agate motor. The mix-
ture was filled in a rectangular zig and formed into 
pellets with the use of a hydraulic press with 5 tons 
of pressure. The pellets were filled in a quartz tube 
that was then vacuum sealed. The pellets in the sealed 
ampoules were sintered in a tubular furnace for 24 h 
at 250 °C.

2.2  b. Synthesis of  (Bi0.98Ge0.02)2Te2.7Se0.3

Precursors such as bismuth, tellurium, selenium, and 
germanium were taken in a stoichiometric ratio and 
then mixed in an agate motor. 5 ton of pressure was 
used for the pelletization of the obtained homoge-
neous mixture which were then vacuum sealed in a 
quartz tube. The pellets were then sintered at 250 °C 
for 24 h.

2.3  c. Composition of  (Bi0.98Ge0.02)2Te2.7Se0.3/
Bi2Te3 for (95%/5%), (90%/10%), (85%/15%) 
and (80%/20%):

The  Bi2Te3 mixture was added to  (Bi0.98Ge0.02)2Te2.7Se0.3 
in ratios of 5%, 10%, 15%, and 20% and was grounded 
for 1 h until a homogeneous mixture was obtained. 
The pellets were vacuum sealed and then sintered for 
12 h.

2.4  d. Characterization

X-Ray Diffraction (XRD) was performed to find the 
crystallinity and purity of the compounds. X-Ray Dif-
fractometer (Rigaku Miniflex) with Cu Kα rays (1.54 Å) 
was used in the 2θ range of 20° to 80°. Field Emission 
Scanning Electron Microscope (FESEM) and Energy-
Dispersive X-ray Analysis of spectra (EDS) were per-
formed using the instrument JEOL JSM-7100F to view 
the images of 50kx magnification at 10-kV voltage and 
to detect the presence of the elements in the sample, 
respectively. The temperature-dependent Seebeck 

coefficient and electrical resistivity were measured 
using the instrument ‘‘Linesis LSR3” for the tempera-
ture range 30 °C to 250 °C.

3  Results and discussion

3.1  X‑ray Diffraction (XRD)

XRD pattern for  Bi2Te3,  (Bi0.98Ge0.02)2Te2.7Se0.3 and 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 which have been 
observed to have rhombohedral crystal system 
with space group of R3 ̅m. The XRD pattern (Fig. 1) 
matches with the JCPDS file (Fig. 3) (#08–0021). Using 
the Williamson–Hall formula, the crystallite size was 
measured (Refer Table 1). The crystallite size of the 
 (Bi0.98Ge0.02)2Te2.7Se0.3 sample is smaller than the base 
compound  Bi2Te3, and  (Bi0.98Ge0.02)2Te2.7Se0.3 /  Bi2Te3 
composite sample shows increased crystallite size 
from doped  (Bi0.98Ge0.02)2Te2.7Se0.3 compound and 

Fig. 1  XRD peak pattern of (a)  Bi2Te3,  (b) 
 (Bi0.98Ge0.02)2Te2.7Se0.3,  (c)  (Bi0.98Ge0.02)2Te2.7Se0.3 /
Bi2Te3 5%, (d)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 10%, 
(e)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 15%, and (f) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 20% composites
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then again gradually decreases with an increase in the 
 Bi2Te3 content due to their defects. When point defects 
are concentrated enough, a diffuse scattering that 
resembles substitutional disorder occurs. Because of 
the elastic deformation of the lattice surrounding the 
defect, this happens because of the static displacement 
field. Point flaws, which can be introduced by mate-
rial processing, are produced spontaneously by rising 
temperatures and can be quenched by cooling during 
sintering [15]. The increase in the crystallite size is due 
to the change in host and composite compound ratio 
which affects the crystallite size and its strain [16].

It has been observed that the highest peak of  Bi2Te3 
coincides with the JCPDS file. As germanium and 
selenium are added, we can see that there is a shift 
in the most prominent peak to the higher 2θ. This 
is due to the substitution of Se atoms in tellurium 
sites. This substitution causes tensile stress in the 
lattice as the atomic radii of the two atoms are dif-
ferent [17]. Germanium atoms are also substituted 
in bismuth sites causing defects in the lattice.  Bi2Te3 
usually crystallizes in hexagonal structure such as 
[Te–Bi–Te–Bi–Te]–[Te–Bi–Te–Bi–Te] bonded by Van 
der Waals force. When dopants such as Ge and Se 
are added, it substitutes bismuth and tellurium inter-
stitially within a quintuple layer and the stacking 
of [–BiGe–TeSe–BiGe–TeSe–] takes place [18]. When 
the crystallographic orientation does not change, 
antiphase barriers form and an opposing phase 
develops on both sides of the boundary: For instance, 
by stopping the stacking sequence, a crystal order 
Se–Bi–Te–Sn–Te–Bi–Se might have an antiphase border 
[15]. One possibility for defect engineering of  Bi2Te3 is 
that some of the Sn atoms are incorporated into the 

lattice, resulting in a seven-layered lamellar structure, 
Te–Bi–Te–Sn–Te–Bi–Te. If a similar structure exists in 
Sn-doped BTS, it will be Se–Bi–Te–Sn–Te–Bi–Se. It is 
important to note that, unlike those occupying the 
Bi site, the Sn atoms in this structure do not contrib-
ute any charge to the lattice, hence the disparity is 
resolved. However, no further diffraction peaks are 
visible, except for those corresponding to the chalco-
gen-ordered tetradymite structure in the XRD [19]. As 
an additional analysis XRD the defect density (D) and 
Lorentz Factor (p) are calculated using

where K
�
 is 0.9 and b is the Full width half maximum 

intensity (FWHM) [15],
For the composite samples, as bismuth telluride 

is added in proportion to  (Bi0.98Ge0.02)2Te2.7Se0.3, the 
prominent peak starts shifting (Fig. 2) to the lower 
2θ indicating the increase of  Bi2Te3 lattices. Nega-
tively charged Ge impurity in the range of low con-
centrations enter the van der Waals gap of Bi and 
Te crystal lattice where they form a new atomic 
plane periodically repeated in the direction of the 
trigonal c-axis of the crystal. The JCPDS file for bis-
muth telluride is shown in Fig. 3. There can be seen 
a gradual peak broadening from pristine  Bi2Te3 to 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 20%. This is due to 
the defects present in the crystal. Bismuth telluride 
is anisotropic in nature and has good periodicity 
hence can be seen as possessing high intensity and 

(2)D =

K
�

4.36b
2

,

(3)p =

1 + Cos
2

2�

2

,

Table 1  XRD data of  (Bi1-xGex)2  Te2.7Se0.3/Bi2Te3 composites

Sample Rp Rwp Re χ2 Crystallite 
size (nm)

a = b (Å) c (Å) Lattice strain Lorentz Factor Defect Density
m−3

Bi2Te3 41.23 51.28 24.33 4.44 72.94 4.38 27.23 0.0017 0.892 16,082.67504
(Bi1-xGex)2Te2.7Se0.3 39.72 49.70 23.01 4.66 33.07 4.36 28.09 0.0034 0.891 3645.554797
(Bi1-xGex)2Te2.7Se0.3
/Bi2Te3 5%

39.01 49.32 23.54 4.38 60.26 4.34 29.69 0.0052 0.890 3359.646724

(Bi1-xGex)2Te2.7Se0.3
/Bi2Te3 10%

40.77 50.56 22.84 4.89 77.43 4.41 27.38 0.0054 0.891 3168.980444

(Bi1-xGex)2Te2.7Se0.3
/Bi2Te3 15%

37.19 46.43 23.39 3.93 27.55 4.15 29.31 0.0033 0.891 3231.739009

(Bi1-xGex)2Te2.7Se0.3
/Bi2Te3 20%

38.92 48.87 22.83 4.58 31.71 4.18 28.34 0.0038 0.891 3194.07748
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the composites can be seen as having higher intensity 
compared to  (Bi0.98Ge0.02)2Te2.7Se0.3 sample [20]. Riet-
veld refinement software EXPO 2014 was used which 

gives the difference in the theoretical and observed 
peak patterns in XRD. Table 1 gives the values of Rp, 
Rwp, Re, and χ 2 and are shown in Fig. 4.

3.2  Field Emission Scanning Electron 
Microscopy (FESEM)

FESEM characterization was carried out at 50kx mag-
nification in order to comprehend the morphology on 
the pellets’ surface, as indicated in Fig. 5. The surface 
of Bismuth telluride, seen in Fig. 5a, has a rough sur-
face and an uneven configuration. Bismuth telluride 
doped with germanium and selenium is shown in 
Fig. 5b. This has larger grain boundaries and reduced 
porosity. The composites are displayed in Figs. 5c–f. 
As the doped compound’s bismuth telluride content 
rises, porosity also begins to rise. This suggests that 
the interstitial sites have absorbed the selenium [21]. 
When the sintering temperature was raised to almost 
250 °C, some pores grew to the size of ∼10 nm and 
the number of these large pores increased with raising 
annealing temperature, in addition to some smaller 
pores. Compared to tellurium since selenium has a 
much higher vaporization pressure [22]. This feature 
of selenium atoms leads to the formation of donor-
like voids in the bismuth telluride lattice. More poros-
ity patches are created during sintering because of 
the selenium atoms vaporizing since there are more 
Te sites for them to occupy. This demonstrates that 
the polycrystalline grains in the sample’s localized 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 20%-layered crystallites. 
Additionally, it demonstrates that Ge is evenly dis-
tributed across the sample and that no evidence of an 
independent Ge or GeTe cluster has been found [21].

3.3  Energy‑dispersive spectra analysis of X‑ray 
(EDS)

The chemical composition of the samples and the 
materials added to them were investigated. Tellu-
rium and bismuth are displayed in Fig. 6a, while 
germanium and selenium are displayed alongside 
with bismuth and tellurium in Fig. 6b. Figures 6c–f 
shows each element that was added to each com-
posite, including tellurium, germanium, bismuth, 
and selenium. Based on our analysis of the germa-
nium content analysis using the energy-dispersive 
analyser, we believe that the following impact fur-
ther supports the stated conclusion on the nature of 
incorporation of Ge atoms into the crystal lattice of 

Fig. 2  Shifting in XRD peak pattern of (a)  Bi2Te3,  (b) 
 (Bi0.98Ge0.02)2Te2.7Se0.3,  (c)  (Bi0.98Ge0.02)2Te2.7Se0.3 /
Bi2Te3 5%, (d)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 10%, 
(e)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 15%, and (f) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 20% composites

Fig. 3  JCPDS file for bismuth telluride
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Bi and Te. All of the samples under investigation had 
energy spectra collected from their natural cleavage 
faces, and these spectra were limited to the bands 
of distinctive X-ray radiation from Te and Bi (refer 
to Fig. 6a). This observation could lead that all the 
germanium added to the host is segregated, that is, 

there is less germanium integrated in to the Bi and 
Te lattice than the detected limit.

3.4  Electrical resistivity

Electrical resistivity of the prepared samples were 
measured in the temperature range 30 °C to 250 °C 

Fig. 4  Rietveld Refinement plots for XRD peak pat-
tern of (a)  (Bi2Te3), (b)  (Bi0.98Ge0.02)2Te2.7Se0.3,  (c) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 5%, (d)  (Bi0.98Ge0.02)2Te2.7Se0.3 

/Bi2Te3 10%, (e)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 15%, and (f) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 20% composites
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(Fig. 7). All samples exhibit a decrease in electrical 
resistivity with increasing temperature. This demon-
strates the semiconducting behaviour of the samples 

over the entire temperature range. The Bi atoms in 
the  Bi2Te3 structure coordinate with six Te atoms 
to form different lattice vacancies. The addition of 

Fig. 5  Surface morphological features of (a)  Bi2Te3,  (b)  (Bi0.98Ge0.02)2Te2.7Se0.3,  (c)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 5%, (d) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 10%, (e)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 15%, and (f)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 20% composites

Fig. 6  Elemental composition images (EDS) of (a)  Bi2Te3,  (b)  (Bi0.98Ge0.02)2Te2.7Se0.3,  (c)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 5%, (d) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 10%, (e)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 15%, and (f)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 20% composites
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germanium and selenium to the compound fills in 
the voids. While there is also coordination between 
Ge with Te and Ge with Se, some of the Bi is also 
coordinated with Ge and Te is coordinated with Se. 
Two crucial elements in determining the bulk of 
charge carriers, carrier concentration, and transport 
characteristics in  Bi2Te3-based materials are the anion 
vacancies and anti-site defects engineering [23]. 
Tellurium  Te(1) and  Te(2) have two crystallographic 
sites, resulting in anti-structure defects, such as 
Bi–Ge–Te(1) and Bi–Ge–Te(2). The decrease in electri-
cal resistivity with an increase in temperature is due 
to the reduction of the Te vacancies after the doping 
of Ge. The stoichiometry of the bismuth in  Bi2Te3 is 
altered by the addition of germanium to the sublat-
tices of tellurium and selenium. Due of the reduced 
lattice vibration of germanium,  Bi2Te3 is more stable 
at higher temperatures. The sintering process forms 
anti-site defects of BiTe, GeTe, BiSe, and GeSe. These 
flaws also contribute to the negative trending behav-
iour of electrical resistivity [24].

The concentration of free carriers rises in the 
 Bi2Te3 lattice when Ge impurity atoms are present. 
It is observed that Ge atom acts as acceptor in the 
 Bi2Te3 lattice through the substitution of Se on Te 
atoms, hence the insertion of Ge into the Bi cation 
sublattice leads to occupation of Ge atoms in Van 
der Waals sites of the Bi atom. The high density 

of grain boundary defects in composite structures 
causes the carriers scattering behaviour, resulting 
in the decrease in the electrical resistivity [25]. At 
high density of 20%  Bi2Te3 embedded in the com-
posite, distance between the particles reduces which 
is found to be an unpredicted phenomenon. These 
behaviour leads to the increase of scattered electrons, 
resulting in random variation in the electrical resis-
tivity [26, 27].

3.5  Linear fitting of SPH model

The linear plot of ln(ρ/T) and 1/T in Fig. 8 shows 
that the hopping mechanism between nearest 

Fig. 7  Temperature-dependent electrical resistiv-
ity of (a)  Bi2Te3,  (b)  (Bi0.98Ge0.02)2Te2.7Se0.3,  (c) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 5%, (d)  (Bi0.98Ge0.02)2Te2.7Se0.3 
/Bi2Te3 10%, (e)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 15%, and (f) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 20% composites

Fig. 8  Linear Fitting of SPH model of a)  Bi2Te3,  b) 
 (Bi0.98Ge0.02)2Te2.7Se0.3, c)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 5%, d) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 10%, e)  (Bi0.98Ge0.02)2Te2.7Se0.3 /
Bi2Te3 15%, and f)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 20% compos-
ites

Table 2  Activation energy of  Bi2Te3, b)  (Bi1-xGex)2Te2.7Se0.3, c) 
 (Bi1-xGex)2Te2.7Se0.3/Bi2Te3 5%, d)  (Bi1-xGex)2Te2.7Se0.3/
Bi2Te3 10%, e)  (Bi1-xGex)2Te2.7Se0.3/Bi2Te3 15%, and f) 
 (Bi1-xGex)2Te2.7Se0.3/Bi2Te3 20% composites

Sample EA (meV)

Bi2Te3 12.0
(Bi1-xGex)2Te2.7Se0.3 10.0
(Bi1-xGex)2Te2.7Se0.3/Bi2Te3 5% 13.6
(Bi1-xGex)2Te2.7Se0.3/Bi2Te3 10% 13.7
(Bi1-xGex)2Te2.7Se0.3/Bi2Te3 15% 13.8
(Bi1-xGex)2Te2.7Se0.3/Bi2Te3 20% 14.3
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adjacent sites is formed by thermally activated tiny 
polarons in  (Bi2Te3),  (Bi0.98Ge0.02)2Te2.7Se0.3, and 
 (Bi0.98Ge0.02)2Te2.7Se0.3/Bi2Te3 (5%, 10%, 15%, and 20% 
compositions) system. The composition of selenium 
atoms may change during sintering, resulting in EA 
values (Table 2) that fluctuate inconsistently with dop-
ing concentration [28].

At increasing Ge doping concentrations, the wave 
functions of the Ge acceptors overlap substantially, 
forming an impurity band. Increasing Ge concentra-
tion causes a rise in the impurity band’s density of 
states (DOS) rather than hole doping. The impurity 
band in all samples was found to be 12 to 15 meV 
below the top of the upper valence band [29]. How-
ever, in the case of Ge-doped  Bi2Te3, this Sn-related 
impurity band is most likely located within the bulk 
band gap, because the activation energy was found 
to be 20% higher in  (Bi1-xGex)2Te2.7Se0.3/Bi2Te3 than 
any other composite, implying the appearance of a 
new impurity band to pin the chemical potential in 
Ge-doped  Bi2Te3. It should be noted that in Ge-doped 
 Bi2Te3, there may be an impurity band caused by Se 
vacancies and extra  Bi2Te3 anti-site defects. Due to its 
high DOS, EF is most likely anchored to the Ge-related 
impurity band. As a result, the activation energy  Ea 
varies practically at random [30, 31].

3.6  Seebeck Coefficient and Power Factor

Seebeck coefficient was measured in the temperature 
range of 30–250 °C. The negative values of Seebeck 
coefficient shown in Fig. 9 illustrates the n-type semi-
conducting behaviour of all the samples. The majority 
of charge carriers in the n-type material are electrons. 
It shows how, even at temperatures as high as 250 °C, 
all samples stay in the n-type area despite the Seebeck 
coefficient increasing linearly with temperature. The 
anti-site defect engineering produced in the samples 
determine the carrier concentration. The electrical 
conductivity and Seebeck coefficient are unintention-
ally impacted by this [32]. The Seebeck coefficient is 
enhanced by the lattice defect. It moves the donor 
band closer to the conduction band. More electrons 
are liberated in the conduction band because of the 
flaws in the lattices caused by the insertion of Se and 
Ge, increasing the flow of electrons [33].

At  1 2 2  ° C ,  t h e  c o m p o s i t e  s a m p l e 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 has the highest Seebeck 
coefficient, measuring 165.4 μV/K. Also, it is evident 
that when the temperature rises, the sample loses 
electrons, which results in a decrease in the carrier 
concentration of the majority charge carriers and an 
increase in the formation of holes. The Ge atoms’ 
acceptor-like behaviour is most likely caused by their 
integration into the Bi sublattice, where they give rise 
to negatively charged GeBi substitutional defects [34, 
35]. Because holes balance the charge of GeBi substitu-
tional defects, the concentration of free charge carriers 
rises. The remaining Ge atoms are integrated without 
changing the hole concentration. Adopting the notion 
that Ge atoms in the van der Waals gap form seven-
layer lamellae seems reasonable. The charge transfer 
causes band bending at the metal–semiconductor con-
tact, which is characterized by an electrical potential 
difference. This activity creates an energy-dependent 
barrier that works as a filter, scattering low-energy 
electrons. As a result, we discovered that the Seebeck 
coefficient varies randomly with doping [36]. The val-
ues of theoretical carrier concentrations, mobility, and 
scattering factor are given in Table 3. However, the 
impurity level’s influence on the material’s Seebeck 
coefficient weakens when the Ge content rises higher 
and the Fermi level moves away from the impurity 
level’s location. As the carrier concentration rises 
more, the Seebeck coefficient falls [37].

Bi2Te3,   (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3,  and 
 (Bi0.98Ge0.02)2Te2.7Se0.3/Bi2Te3 composites were power 

Fig. 9  Temperature vs Seebeck Coefficient of (a)  Bi2Te3,  (b) 
 (Bi0.98Ge0.02)2Te2.7Se0.3,  (c)  (Bi0.98Ge0.02)2Te2.7Se0.3 /
Bi2Te3 5%, (d)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 10%, 
(e)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 15%, and (f) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 20% composites
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factor analysed throughout a temperature range of 
30–250 °C (Fig. 10).  (Bi0.98Ge0.02)2Te2.7Se0.3 has the 
highest power factor of 108 μW/mK2 and the low-
est 20 μW/mK2 is obtained by pristine at 250 °C. 
The dramatic positive variation from composite to 
pure is related to simultaneous changes in Seebeck 
coefficient and electrical resistivity. As a result, 
 (Bi0.98Ge0.02)2Te2.7Se0.3 has a power factor value that is 
approximately 5.4 times higher than that of the pris-
tine. Based on the data presented above, we can con-
clude that the doped material  (Bi0.98Ge0.02)2Te2.7Se0.3 
performs substantially better than virgin  Bi2Te3 and 
other composites. The result of the present work is 
compared with the others in Table 4 [38–40].

4  Conclusion

In the present work, bismuth telluride was synthe-
sized in various compositions, including pristine, 
 (Bi0.98Ge0.02)2Te2.7Se0.3, and  (Bi0.98Ge0.02)2Te2.7Se0.3 /
Bi2Te3. The materials were characterized using Pow-
der X-ray diffraction, Field Emission Scanning Elec-
tron Microscopy, Electrical Resistivity, and Seebeck 
coefficients. The resulting materials showed a peak 
broadening from  Bi2Te3 to  (Bi0.98Ge0.02)2Te2.7Se0.3 /
Bi2Te3 20% due to the disorderedness in the crystal. 
Selenium atoms in  Bi2Te3 created donor-like voids 
in the lattice, leading to more porosity patches dur-
ing sintering. The composites had higher intensity 
compared to the  (Bi0.98Ge0.02)2Te2.7Se0.3 sample. At 
a higher Ge doping concentration, wave functions 
of the Ge acceptors overlap, forming an impurity 
band. The Ge atoms function as acceptors in the 
 Bi2Te3 lattice through the substitution of Se on Te 
atoms, insertion of Ge into the Bi cation sublattice, 
and occupation of van der Waals gap sites through 

Table 3  Theoretical carrier concentrations, mobility and 
scattering factor of a)  Bi2Te3,  b)  (Bi0.98Ge0.02)2Te2.7Se0.3,  c) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 5%, d)  (Bi0.98Ge0.02)2Te2.7Se0.3 
/Bi2Te3 10% e)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 15%, and f) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 20% composites

Sample nTh
1027(m−3)

μTh 
10–4

(m2/Vs)

γTh

Bi2Te3 1.7 0.14 62.70
(Bi0.98Ge0.02)2Te2.7Se0.3 0.7 0.4 61.81
(Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 5% 0.5 0.3 61.47
(Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 

10%
2.7 0.06 63.16

(Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 
15%

0.6 0.19 61.60

(Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 
20%

0.5 0.31 61.47

Fig. 10  Temperature-dependent power fac-
tor of (a)  Bi2Te3,  (b)  (Bi0.98Ge0.02)2Te2.7Se0.3,  (c) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 5%, (d)  (Bi0.98Ge0.02)2Te2.7Se0.3 
/Bi2Te3 10%, (e)  (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 15%, and (f) 
 (Bi0.98Ge0.02)2Te2.7Se0.3 /Bi2Te3 20% composites

Table 4  Comparison of the 
present work with the other 
reported work

The bold script signifies the present research work’s Power factor, Electrical resistivity and Seebeck 
coefficient values.

S. No Author Compound PF
(μW/mK2)

Electrical 
resistivity
ρ(Ωm)

Seebeck 
Coeffi-
cient
µV/K

References

1 Junquin Ge1-xPbxTe 400 1 ×  10–4 100 [38]
2 Chun Chun Ga-Bi2Te3 0.416 60 ×  10–4 50 [39]
3 Di Wu GaTe/Bi2Te3 10 0.05 50 [40]
4 Hegde, Prabhu (Bi0.98Ge0.02)2Te2.7Se0.3 110 2 × 10–4 110 *Present work
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defect engineering so the power factor value was 
enhanced by about 5.4 times in  (Bi0.98Ge0.02)2Te2.7Se0.3, 
compound to the pristine. This property makes the 
compound suitable for thermoelectric applications.
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