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A B S T R A C T   

Bismuth telluride (Bi2Te3) is one of the most promising thermoelectric materials for commercial application at 
room temperature, but the thermoelectric performance of these materials still needs to be improved. In this 
study, we report a type of solvothermally Ag-doped Bi2Te3 microplate. By sintering these microplates into 
polycrystalline bulk materials, a high room-temperature figure of merit of 1 has been achieved. Based on 
comprehensive micro/nanostructural characterizations, we found that the solvothermally doped Ag in Bi2Te3 
plays two main roles, namely as the dopants that effectively induce the point defects of AgBi and forming Ag2Te 
nanophases. AgBi can provide additional hole charge carriers, effectively adjusting the initially high electron 
carrier concentration in the system, while the Ag2Te nanophases effectively trigger energy filtering effect to 
maintain a high Seebeck coefficient, thereby contributing to a competitively high power factor of 25.5 μW cm− 1 

K− 2 at 298 K. Simultaneously, a low thermal conductivity of 0.74 W m− 1 K− 1 is obtained due to the strong 
phonon scattering at various lattice imperfections, induced by the solvothermally Ag-doping, which include 
point defects, grain/phase boundaries, local lattice distortions, and dislocations. This work fills the gap in 
knowledge on the solvothermally Ag-doping mechanism in Bi2Te3 and provides guidance for the innovative 
design of high-performing inorganic thermoelectrics.   

1. Introduction 

With the continued growth of the semiconductor industry and 
portable electronics, the issue of heat dissipation has become a critical 
issue in limiting performance and lifespan. Thermoelectric devices are a 
more advantageous option than traditional vapor-compression refrig-
eration because of their smaller size, no moving parts or liquid, quick 
response time, longer lifespan, and silent operation [1]. However, the 
cooling efficiency of thermoelectric applications is limited by the per-
formance of thermoelectric materials, which is determined by the 
dimensionless figure-of-merit ZT = S2σT/κ [2], where S, σ, S2σ, T, and κ 
are the Seebeck coefficient, electrical conductivity, power factor, abso-
lute temperature, and thermal conductivity [3–5], respectively. κ is 
determined by the lattice thermal conductivity (κl) and electronic 

thermal conductivity (κe) [6,7]. To achieve a high ZT, it is necessary to 
secure a higher S2σ and lower κ [8]. However, the complicated inter-
relation among these parameters is a significant obstacle to improving 
overall efficiency [8,9]. Till now, much effort has focused on enhancing 
S2σ through band engineering or reducing κl through nanostructure 
engineering [8,10]. Benefiting from advanced strategies developed in 
recent years, many new thermoelectric materials have been developed 
with high experimental ZTs of > 2, such as Cu2Se [11,12], SnSe [13–15], 
GeTe [16–18], and PbTe [19–21]. However, these materials mainly 
focus on applications at high temperatures (usually > 500 K) [14]. 
Considering that many thermoelectric applications (e.g., wearable 
thermoelectrics) [22–27] are based on the near-room-temperature re-
gion, developing high-performing near-room-temperature thermoelec-
tric materials is still of significance. 
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Bismuth telluride (Bi2Te3) is one of the most promising thermo-
electric materials that can be used at near-room temperatures since 
Bi2Te3 possesses intrinsically decent σ and S due to its narrow bandgap 
(~0.15 eV) with high valley degeneracy and anisotropic effective mass 
[28,29]. Therefore, both n- and p-type Bi2Te3-based thermoelectric 
materials have been widely employed in various commercial applica-
tions for thermoelectric power generation and solid-state cooling [9,30]. 
To improve the energy conversion efficiency and broaden their appli-
cations, their ZT values at near-room temperatures still need to be 
improved [14]. To achieve this goal, developing new strategies is of 
importance [20]. Among all developed strategies, doping based on band 
engineering is regarded as one of the most effective methods to improve 
S2σ and reduce κl through inducing point defects since rational point 
defects can tune the carrier concentration n to an appropriate value and 
strengthen the phonon scattering caused by the as-induced lattice dis-
tortions [7,31]. Till now, many doping methods have been investigated 
to further enhance the thermoelectric performance of Bi2Te3 through 
alloying with elements (e.g., Ce, Cu, Gd, Ge and Ag) by melting or me-
chanical alloying routes [32–37], and the highest ZTs for n-type Bi2Te3 
have reached ~ 1.4 at room temperature [36,37]. Besides that, there are 
some classic Bi2Te3-based materials contain Bi2Te3-xSex [38–40] and 
(Bi2Te3)1-x(Bi2Se3)x [41,42], which the highest ZT can reach 1.2 [39,40] 
and 0.71 [41,42] at near-room-temperature, respectively. In addition to 
doping, alloying with secondary phases especially nanophases is another 
effective strategy to improve S while maintaining a high σ by energy 
filtering effects [14], and designing multidimensional nano/microscale 
crystal or lattice imperfections is effective to suppress κl due to the 
strengthened phonon scattering at these sources [15]. Therefore, to 
achieve a high ZT in Bi2Te3, comprehensive strategies should be 

considered, and the fabrication route to achieve this goal should be 
facile but effective. 

Till now, there have been many synthesis techniques developed for 
fabricating thermoelectric Bi2Te3, including zone-melting [43,44], ball 
milling [40,44], and solution-based synthesis such as hydrothermal/ 
solvothermal methods [31,39,40,43–46]. Among these fabrication 
routes, the hydrothermal/solvothermal method is a facile method to 
synthesize the Bi2Te3 powders with significant anisotropy to further 
improve the thermoelectric performance [31,46,47]. Except for the 
texturing, the cation and anion vacancy concentrations can be easily 
controlled according to the chemical kinetics and thermodynamics by 
adjusting the stoichiometric ratio of precursors, synthesis temperature 
and pressure, and potential of hydrogen (pH) level [7,48,49]. Compared 
with other methods, hydrothermal/solvothermal methods are usually 
cost-effective with low energy consumption [14], and can usually ach-
ieve the comprehensive strategies discussed above via a one-step route 
[14]. However, although there have been numerous reports on con-
ventional doping processes for Bi2Te3, most of these reports are pri-
marily based on materials prepared using melting or solid-state solution 
methods [50–52]. In the case of Bi2Te3 prepared using a solvothermal/ 
hydrothermal method, the doping mechanisms are different due to 
variations in the preparation process [53,54]. Furthermore, prior 
research efforts that attempted solvothermal doping often lacked 
detailed electron microscopy characterization to investigate the doping 
mechanisms thoroughly [50–52]. Therefore, our work aims to effec-
tively fill this gap in the existing literature. Also, hydrothermal/sol-
vothermal synthesis routes for Bi2Te3 still have considerable potential to 
be investigated to further improve their thermoelectric performance. 

In this work, we design a facile solvothermal synthesis method to 

Fig. 1. Introduction of solvothermally doping Ag in n-type Bi2Te3 and its competitive thermoelectric performance. (a) Schematic diagram of the solvothermal route 
to synthesize Ag-doped Bi2Te3. (b) Photos of as-synthesized Ag-doped Bi2Te3 powders and subsequent washing, drying, and sintering processes. (c) Illustration of 
crystal/lattice imperfections observed in Ag-doped Bi2Te3 bulk materials. (d) Comparison of ZT values at room temperatures between this work and reported studies 
based on solvothermal synthesis routes [32,45,57–59]. 
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successfully dope the Ag into the Bi2Te3 and study the doping mecha-
nisms. Ag is commonly employed as an acceptor dopant to either 
improve the hole concentration np in p-type Bi2Te3-based thermoelectric 
materials or diminish the electron concentration ne in n-type Bi2Te3- 
based materials. This strategic Ag doping allows for precise tuning of the 
n, consequently enhancing the S. Other prominent doping elements, 
such as Se, Cu, and In, are also known for their efficacy [55,56]. The 
doping mechanisms associated with these materials are centered around 
optimizing n and carrier mobility µ, thereby augmenting the S2σ. 
Additionally, the introduction of lattice imperfections through doping 
serves to enhance phonon scattering, consequently reducing the κ. 
Therefore, effectively striking a balance among these factors can 
significantly enhance the ZT. During solvothermal synthesis, we use 
Bi2O3 and Na2TeO3 as precursors and Ag2O as dopants, ethylene glycol 
(EG) as solvent, and adjust the doping level according to the stoichio-
metric ratio of Bi and Ag, as schematically shown in Fig. 1a. Fig. 1b il-
lustrates the subsequent washing and sintering process for the 

synthesized Ag-doped Bi2Te3 powders. Detailed fabrication processes 
can be referred to Fig. S1 in the Supporting Information for reference. 
The as-synthesized powders needed to be dried and washed to remove 
the impurities followed by the fast spark plasma sintering (SPS) to sinter 
the powders into pellets. The composition of as-sintered pellets is then 
comprehensively investigated through X-ray photoelectron spectros-
copy (XPS), X-ray diffraction (XRD), and energy dispersive spectroscopy 
(EDS), which demonstrated that AgBi (Ag occupies Bi site) point defects 
have been successfully induced into Bi2Te3 matrix. These induced point 
defects optimize n to 1.53 × 1019 cm− 3 and result in a high S of 204.33 
μV K− 1 at 298 K. Besides, by increasing the doping level, the precipi-
tation of Ag2Te with an n-type behavior is simultaneously observed, 
which promotes S2σ to 25.5 μW cm− 1 K− 2 at 298 K. The structural and 
morphological characterizations including XPS, XRD, scanning electron 
microscopy (SEM), and transmission electron microscopy (TEM) 
demonstrate that Ag-doping can induce localized crystal imperfections 
containing lattice distortions and dislocations, as illustrated in Fig. 1c. 

Fig. 2. Characterizations of phase and structure information of solvothermally synthesized Ag-doped Bi2Te3: (a) X-ray diffraction (XRD) patterns of Bi2–xAgxTe3 (x =
0, 0.01, 0.02, 0.03, 0.04, and 0.05) pellet samples. (b) Corresponding magnified XRD patterns of the (015) peaks. (c) Scanning electron microscopy (SEM) image and 
(d) energy dispersive spectroscopy (EDS) maps of finely polished Bi1.96Ag0.04Te3 pellet. Here BSE is abbreviated from backscattered electron. (e) SEM image and (f) 
EDS maps of finely polished Bi1.96Ag0.04Te3 pellet taken from another site. (g) X-ray photoelectron spectroscopy (XPS) pattern of Ag3d3/2 and Ag 3d5/2 for 
Bi1.96Ag0.04Te3 pellet. (h) SEM image of fractured Bi1.96Ag0.04Te3 pellet. 
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These lattice imperfections and the existence of Ag2Te secondary phases 
further strengthen the phonon scattering, leading to a low κl of 0.41 W 
m− 1 K− 1 and in turn, promote the ZT to 1.03 at 298 K. Compared with 
previously reported n-type Bi2Te3-based materials synthesized by hy-
drothermal/solvothermal routes [32,45,57–59], our achieved ZT is 
highly competitive, as shown in Fig. 1d. 

2. Result and discussion 

In this work, we first solvothermally synthesized Ag-doped Bi2Te3 
microplates (see Fig. S2), and then rationally sinter these microplates 
into polycrystalline bulk materials by an SPS technique. To carefully 
study the mechanism of solvothermally Ag-doping on improving the 
thermoelectric performance of Bi2Te3 and explore the best Ag doping 
concentration, we design our as-fabricated materials with nominal 
compositions of Bi2–xAgxTe3 (x = 0, 0.01, 0.02, 0.03, 0.04, 0.05). To 
characterize the structure and phase of the as-synthesized Ag-doped 
Bi2Te3, we performed XRD and EDS on bulk samples with different 

doping concentrations. Fig. 2a presents their XRD patterns, in which the 
2θ ranges are all from 20◦ to 80◦. The results indicate that all diffraction 
peaks can be indexed as trigonal-structured Bi2Te3 with a space group of 
R 3 m, and the lattice parameters are a = 4.38 Å and c = 30.44 Å (PDF# 
15-0863). With increasing doping concentration, diffraction peaks 
belonging to Ag2Te precipitates can be observed due to the excessive 
doping limitation of Ag in Bi2Te3. Fig. 2b presents the magnified XRD 
patterns of (015) diffraction peaks in a 2θ range from 27.6◦ to 27.8◦. 
With increasing doping level, the peak shifts to the lower 2θ due to the 
lattice expansion. Considering that the Ag has a larger ion size than Bi 
(Ag+ = 1.15 Å and Bi3+ = 1.03 Å) [60], substituting Bi sites with Ag 
atoms can lead to a lattice expansion and in turn, the peak shift [37]. 

To investigate the composition, structure, and morphology of the 
solvothermally Ag-doped Bi2Te3, we performed SEM characterizations 
on bulk samples coupled with EDS. Fig. 2c presents an SEM image of a 
finely polished pellet with a nominal composition of Bi1.96Ag0.04Te3, and 
Fig. 2d shows corresponding EDS maps including overlapping elements, 
Bi, Ag, and Te. Compared with other samples (Fig. S3), when the doping 

Fig. 3. Characterizations of nanostructure of solvothermally synthesized Bi1.96Ag0.04Te3: (a) Low-magnification TEM image of lamella sample from bulk 
Bi1.96Ag0.04Te3 through the focused ion beam (FIB) technique. (b) Corresponding STEM image and EDS maps for Bi, Te, and Ag elements. (c) HRTEM image of the 
phase boundaries between Bi2Te3 and Ag2Te. (d) Magnified HRTEM image of Bi2Te3 matrix with significant lattice contrast. (e) Enlarged HRTEM image of Bi2Te3 
matrix. (f) Corresponding selected area electron diffraction (SAED) pattern viewing along the (210) direction. (g) Magnified TEM image taken from another site for 
Bi2Te3 nanograins. (h) Corresponding magnified HRTEM image showing a typical grain boundary between the Bi2Te3 matrices, in which the nanograin on the right 
side is viewed along the [210] zone axis. (i) HRTEM image to show an edge-like dislocation. The corresponding inverse Fourier transform image is shown in 
the inset. 
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level x was >0.04, the Ag-rich precipitates can be observed and form the 
second phase of Ag2Te due to the excessive doping limitation of Ag in 
Bi2Te3, which is in accordance with the XRD results. Fig. 2e-f present the 
SEM image and corresponding EDS maps of the Bi1.96Ag0.04Te3 pellet 
taken from another area, from which one can see that all elements are 
uniformly distributed, indicating a homogenous Ag doping. These re-
sults evidence the presence of Bi, Te, Ag, and Ag2Te secondary phases in 
the as-fabricated Ag-doped Bi2Te3 polycrystals. To identify the oxidation 
state of as-doped Ag in bulk Bi2Te3, Fig. 2g presents the XPS results of 
Ag3d3/2 and Ag 3d5/2, indicating the existence of Ag+, which is mainly 
from the point defects AgBi and Ag2Te secondary phases. Fig. 2h shows 
an SEM image of a fractured Bi1.96Ag0.04Te3 pellet, from which one can 
see that most grains were along the same direction, indicating a strong 
anisotropy in the polycrystal structures. Similar results were found in 
pellets with other nominal compositions (Fig. S4), indicating that sol-
vothermal synthesis is a good method to achieve the texturing effect 

[46]. 
To understand the nanostructure of the solvothermally Ag-doped 

Bi2Te3, we performed comprehensive TEM characterization of the 
Bi1.96Ag0.04Te3 bulk materials, prepared using the focused ion beam 
(FIB) technique. Fig. 3a shows a low-magnification TEM image. Fig. 3b 
presents corresponding scanning TEM (STEM) image and EDS maps for 
Bi, Te, and Ag elements. As can be seen, some areas are Ag-rich and Bi- 
poor, indicating the potential existence of Ag2Te secondary phases. 
Fig. 3c shows a high-resolution TEM (HRTEM) image taken from the 
interface between the Ag-rich area and normal area in Fig. 3b, in which 
the typical phase boundaries between the Ag2Te and Bi2Te3 can be 
observed. For the Bi2Te3 matrix, Fig. 3d shows a magnified HRTEM 
image, in which significant lattice contrast can be observed, which is 
mainly caused by the point defects of AgBi since the difference in ionic 
radius of Ag and Bi usually cause significant lattice strain. Fig. 3e pre-
sents a further magnified HRTEM image for the Bi2Te3 matrix viewed 

Fig. 4. Characterizations of nanostructure of Ag2Te secondary phases: (a) TEM image of the phase boundaries between the Ag2Te secondary phase and Bi2Te3 matrix. 
(b) Corresponding STEM image and EDS maps for (c) Ag, (d) Bi, and (e) Te elements. (f) Low- and (g) high-magnification HRTEM image to show the phase boundary 
between the Ag2Te and Bi2Te3. (h) Enlarged HRTEM image of Ag2Te secondary phase. (i) Corresponding selected area electron diffraction (SAED) pattern viewing 
along the [111] direction of Ag2Te. 
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along the [210] zone axis, which can be confirmed by the following 
selected area electron diffraction (SAED) pattern shown in Fig. 3f. 
Fig. 3e shows the interplanar spacing of 10 Å and 2.2 Å, corresponding 
to the interplanar spacing of the (00 15) planes and (1 20) planes, 
respectively, further confirming the SAED results. Fig. 3g presents a 
magnified TEM image taken from another site, which shows several 
Bi2Te3 nanograins. Fig. 3h shows a magnified HRTEM image for a 
typical grain boundary between the Bi2Te3 matrices, in which the 
nanograin on the right side is viewed along the [210] zone axis. Fig. 3i 
shows a magnified HRTEM image with a dislocation containing an edge 
component, confirmed by the inset inverse Fourier transform image. 
Such dislocation may be caused by the formation of AgBi by Ag-doping. 
The combination of these different types of lattice imperfections should 
effectively strengthen the scattering of phonons with different wave-
lengths and in turn, contribute to low κl. 

To understand the nanostructure of the Ag2Te secondary phase in the 
Bi2Te3 matrix, we performed detailed TEM characterizations. Fig. 4a 
presents a TEM image of a typical phase boundary between the Ag2Te 
secondary phase and Bi2Te3 matrix, where different contrast can be 
observed between different phases. Fig. 4b shows a corresponding STEM 
image, and Fig. 4c-e present corresponding EDS maps for Bi, Te, and Ag 
elements, which confirm the existence of the Ag2Te secondary phase in 
the Bi2Te3 matrix. The detailed line-scanning results for the element 
distributions can be seen in Fig. S5. Fig. 4f-g present the low- and high- 
magnification HRTEM images of a phase boundary between Ag2Te and 
Bi2Te3, from which lattice mismatches can be clearly observed around 

the interface area, caused by the crystal structure difference between 
Ag2Te and Bi2Te3. Such an incoherent interface is potentially effective in 
scattering phonons and in turn, suppressing κl. For the Ag2Te secondary 
phase, Fig. 4h presents its HRTEM image, and Fig. 4i shows the corre-
sponding SAED pattern. The results show that the image was taken along 
the [111] zone axis of Ag2Te with measurable periodicities of inter-
planar spacing of 3.9 Å and 3.4 Å, which correspond to the interplanar 
spacing of the (10 1) planes and (1 1 0) planes. The corresponding SAED 
pattern confirms the HRTEM results, indicating that the Ag2Te is a 
tetragonal structure. 

To understand the determined compositions and nanostructures, we 
further performed the first-principles density functional theory (DFT) 
calculations for Bi2Te3, Ag-doped Bi2Te3, and Ag2Te, and the results are 
shown in Fig. 5 [61,62]. Fig. 5a-b compare the calculated band struc-
tures of Bi2Te3 (Bi16Te24) and Ag-doped Bi2Te3 (AgBi15Te24). As can be 
seen, Bi2Te3 has an intrinsic bandgap of 0.14 eV, exhibiting features of a 
typical narrow-gap semiconductor [63–65]. For Ag-dope Bi2Te3, it can 
be observed that the Fermi level shifts into the valence band, indicating 
that by doping with Ag+ on Bi3+, more hole carriers will be activated 
due to electron acceptor effect and switch the pristine n-type Bi2Te3 to p- 
type. Considering that there are high concentrations of Te vacancies in 
pristine Bi2Te3 synthesized by solvothermal synthesis (which is the 
reason why pristine Bi2Te3 exhibits typical n-type semiconducting be-
haviors), introducing rational Ag+ on Bi3+ can potentially suppress the 
pristine high ne and in turn, improve the thermoelectric performance 
[31]. However, over-doping Ag may lead to low ne in n-type Bi2Te3 or 
even result in p-type Bi2Te3, therefore the doping concentration of Ag 
should be carefully determined, and this is why we determine nominal 
compositions of Bi2–xAgxTe3 by x = 0, 0.01, 0.02, 0.03, 0.04, and 0.05 in 
this work. Fig. 5c-d show the corresponding density of states (DOS) of 
Bi2Te3 (Bi16Te24) and Ag-doped Bi2Te3 (AgBi15Te24), indicating that 
Te_p contributes most to the valence bands, while both Te_p and Bi_p 
contribute most to the conduction band. For the secondary phase, 
Fig. 5e-f show the band structure and DOS of Ag2Te, which exhibits a 
typical metallic behavior since Ag2Te has no indirect bandgap but a 
direct bandgap. Therefore, the existence of the Ag2Te secondary phase 
in the Bi2Te3 should have a positive effect on improving the overall ne 
and thereby strengthening the σ. 

To clarify the impact of solvothermally Ag doping on improving the 
thermoelectric performance of pristine Bi2Te3, we evaluated the main 
thermoelectric properties of Bi2–xAgxTe3 (x = 0, 0.01, 0.02, 0.03, 0.04, 
0.05) from 298 K to 483 K, all along the directions perpendicular to the 
sintering pressure. Fig. 6a displays the temperature-dependent σ. With 
increasing the x to 0.03, σ was gradually decreased due to the release of 
hole carriers by Ag+ substituting Bi3+, which potentially suppresses ne. 
When further increasing x from 0.03 to 0.05, σ increased due to the 
formation of metallic Ag2Te secondary phases. Fig. 6b presents the 
temperature-dependent S. The negative value of S indicates that the 
semiconducting behavior of the Bi2–xAgxTe3 is n-type. By increasing x to 
0.03, S increases gradually due to the release of hole carriers by Ag+

substituting Bi3+, which potentially suppresses ne. However, when 
further increasing x from 0.03 to 0.05, S maintains at a high level, 
mainly due to the potential energy filtering effect triggered by the in-
terfaces between metallic Ag2Te secondary phases and Bi2Te3 matrix 
due to the significant difference in their band structures shown in Fig. 5. 
As a result, an outstanding S2σ of 25.5 μW cm− 1 K− 2 can be achieved at 
298 K in the Bi1.96Ag0.04Te3 pellet, as shown in Fig. 6c. 

To prove the discussions above, ne and µ of Bi2–xAgxTe3 (x = 0, 0.01, 
0.02, 0.03, 0.04, 0.05) were evaluated at room temperature, as shown in 
Fig. 6d. By increasing x to 0.03, ne was decreased gradually due to the 
release of hole carriers by Ag+ substituting Bi3+, confirming the drop of 
σ. With further increasing x from 0.03 to 0.05, ne increases due to the 
formation of metallic Ag2Te secondary phases, explaining the rise of σ. 
With increasing x to 0.03, µ was increased gradually due to the decrease 
of ne. With further increasing the x from 0.03 to 0.04, there is a slight 

Fig. 5. Calculated band structures and DOSs for solvothermally Ag-doped 
Bi2Te3 through DFT calculations: Band structures of (a) Bi2Te3 (Bi16Te24) and 
(b) Ag-doped Bi2Te3 (AgBi15Te24). Corresponding DOSs of (c) Bi2Te3 (Bi16Te24) 
and (d) Ag-doped Bi2Te3 (AgBi15Te24). (e) Band structure and (f) Corresponding 
DOS of Ag2Te. 
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drop in µ, which is mainly derived from the formation of Ag2Te sec-
ondary phases due to the carrier scattering at the as-induced phase 
boundaries. Further increasing x from 0.04 to 0.05 resulted in increased 
µ again, mainly owing to the slight decrease of ne. Fig. 6e compares the 
calculated effective mass m* and deformation potential Edef as functions 
of x based on the single parabolic band (SPB) model. As can be seen, m* 
was first increased and then significantly decreased when x was from 
0 to 0.03, which is mainly caused by the drop of ne. When x = 0.04, 
Ag2Te secondary phases were formed, and m* was significantly boosted, 
which is direct evidence of the triggered energy filtering effect at the 
interfaces between metallic Ag2Te secondary phases and Bi2Te3 matrix, 
explaining the retained high S due to the energy filtering effect that 
effectively filters the low-energy carriers [28]. With increasing the Ag 
doping level, Edef decreases gradually due to the variation in the overall 
anisotropy of the entire polycrystal material (texturing effect). The Edef 
is related to free electrons and the local lattice deformation [66,67]. 
With the increase of the doping level, the introduced lattice deformation 
is increased, but the ne is decreased, so the effective potential generated 
by the lattice deformation is decreased with the doping level. In addition 
to that, the increase in doping level gradually changes the properties of 
Bi2Te3 nanoplates, which enhances the anisotropy of Bi2Te3 nanoplates. 
When the doping limit is exceeded, the Edef is suddenly increased due to 
the massive change of the texturing inside the materials, which is caused 
by the generation of the secondary phase. After further increasing the 
doping level, although the ne is further increased, the lattice deformation 
that can be introduced has been saturated, so the Edef is reduced again. 

In terms of the thermal transport performance of Bi2–xAgxTe3 (x = 0, 
0.01, 0.02, 0.03, 0.04, 0.05), the temperature-dependent κ were evalu-
ated, as shown in Fig. 7a. The κ values were calculated by the formula κ 
= D × Cp × ρ, where D is the measured thermal diffusivity (Fig. S6a), ρ is 
the measured mass density (Fig. S6b), and Cp is the specific heat ca-
pacity. Generally, with increasing x, κ was decreased due to the 
increased density of crystal/lattice imperfections in the materials. κ is 

comprised of κl and κe. κe can be obtained by κe = σLT based on the 
Wiedemann-Franz law [31], in which L is the Lorentz number deter-
mined from the SPB model (Fig. S6c). κe exhibits the same trends as σ 
(Fig. S6d) [2,68]. Fig. 7b presents the temperature-dependent κl with 
different Ag doping levels by κl = κ – κe. As can be seen, the lowest κl of 
0.41 W m− 1 K− 1 can be obtained from the Bi1.96Ag0.04Te3 at room 
temperature. Such suppressed κl mostly benefits from strong phonon 
scattering, which is induced by the observed lattice imperfections 
including point defects, grain boundaries, local lattice distortions, and 
dislocations. Additionally, the presence of the second phase of Ag2Te can 
introduce the grain-boundary dislocation strain, which can further 
enhance phonon scattering and thereby reduce the κl. It should be noted 
that when the amount of Ag2Te secondary phase is excessive (x = 0.05), 
the κl is increased, mainly due to the metallic thermal transport behavior 
of Ag2Te. The κ of Ag2Te is around 0.9 ~ 1.1 W m− 1 K− 1 at room tem-
perature [69,70]. The κ of Ag2Te increases with the temperature, indi-
cating the typical metallic thermal transport behavior [69,70]. Also, as 
shown by the band structure and DOS of Ag2Te (Fig. 5e-f), Ag2Te has no 
indirect bandgap but has a direct bandgap, double-confirming a typical 
metallic behavior. It is worth mentioning that when the temperature 
exceeds 425 K, the κ of Ag2Te will decrease sharply due to the phase 
transition. Therefore, a rational concentration of the Ag2Te secondary 
phase is of significance. 

Fig. 7c displays the determined temperature-dependent ZT for 
Bi2–xAgxTe3 (x = 0, 0.01, 0.02, 0.03, 0.04, 0.05), in which a maximum 
ZT values of 1.03 can be achieved at 298 K for the Bi1.96Ag0.04Te3 pellet. 
The as-achieved ZT is significantly improved by 202 % compared with 
the undoped Bi2Te3 pellet, indicating great potential for practical room- 
temperature applications. Fig. 7d presents the comparison of the pre-
dicted ZT by the SPB model and measured ZT as a function of ne [63,71]. 
A slightly higher ZT of 1.14 can be further achieved by finely tuning the 
ne to 1.2 × 1019 cm–3. As can be seen, the ne has been considerably 
optimized to the best value by solvothermally Ag doping. Therefore, 

Fig. 6. Evaluation of thermoelectric performance of solvothermally synthesized Ag-doped Bi2Te3 pellets with nominal compositions of Bi2–xAgxTe3 (x = 0, 0.01, 
0.02, 0.03, 0.04, 0.05): Temperature-dependent of (a) σ, (b) S, and (c) S2σ values. (d) Measured room-temperature ne and μ. (e) Calculated room-temperature m* and 
Edef by the SPB model. 
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further suppressing the κl should be a good direction to enhance the ZT 
value. 

3. Conclusion 

In summary, we adopt a facile solvothermal synthesis route to ach-
ieve Ag doping in n-type Bi2Te3 and explore the unique doping mech-
anism. Detailed micro/nanostructural characterizations and 
calculations confirm that AgBi rationally tunes the ne while the as- 
formed Ag2Te nanophases effectively trigger the energy filtering effect 
to maintain a high S while keeping a high σ, thereby contributing to a 
competitively high S2σ of 25.5 μW cm− 1 K− 2 at 298 K. Additionally, the 
observed various lattice imperfections including point defects, grain 
boundaries/interfaces, local lattice distortions, and dislocations induced 
by solvothermally Ag doping further strengthen the phonon scattering 
and thereby, reducing the κ to 0.74 W m− 1 K− 1 and in turn, boosting the 
ZT to 1.03 at 298 K. This work fills the gap of solvothermally Ag-doping 
mechanism in Bi2Te3 and provide a guidance for designing high- 
performing thermoelectric materials. 

4. Experimental section 

The experimental details can be seen in the Supporting Information. 
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