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The preparation of high-performance thermoelectric thin films can be challenging. Herein, we report the preparation, 
characterization, and thermoelectric performance of morphology-controlled bismuth sulfide (Bi2S3) thin films using a single-
source precursor called bismuth (III) ethylxanthate, with which the room-temperature thermoelectric thin-film can be 
prepared quickly and cost-effectively. We acquired the intrinsic Bi2S3 thin films with electrical conductivity of 14.23 S m−1 
and a Seebeck coefficient of −388.33 μV K−1 at room temperature, comparable to the bulk Bi2S3. Furthermore, a higher 
Seebeck coefficient can be achieved by adopting a composition engineering method to achieve antimony (Sb)-doping solid 
solution, in which phonon scattering and dislocation density can be manipulated. By tuning the mole fraction of Sb in the 
films, we further improved the Seebeck coefficient to -516.35 μV K−1 and the power factor to 170.10 μW m-1 K-2 with a solid 
solution of (Bi0.97Sb0.03)2S3. Thus, the chalcogenide composition engineering protocol could be a universal methodology to 
make target semiconductors for thin-film thermoelectric applications, which may broaden the application of thermoelectric 
films in the field of microelectronic devices.

Introduction
The past decade has witnessed endeavors to search for alternative 
energy sources and further circumvent the energy crisis and 
environmental deterioration.1–3 For the sake of the future of human 
beings, it is urgent to transform the paradigm of energy consumption 
by seeking alternative energy harvesting approaches. With the 
efforts of researchers, environmentally friendly energy sources like 
solar,3,4 hydropower,5,6 nuclear power,7,8 and geothermal energy,9,10 
etc., emerged over the past several decades. Since the discovery of 
the thermoelectric effect by Thomas Seebeck,11 thermoelectric 
generators (TEGs) have attracted significant interest because of their 
unique ability to convert waste heat to electrical energy directly.12–14 
The performance of a TEG is related to the efficiency of the 
thermoelectric (T.E.) materials, which in turn is proportional to a 
dimensionless figure-of-merit (ZT). ZT is defined as ZT =(S2σT)/κ, 
where S is the Seebeck coefficient, σ is the electrical conductivity, κ 

is the thermal conductivity, and T is the absolute temperature.15,16 
When the thermoelectric materials are fabricated in the form of thin 
films, the power factor (P.F.), as defined by P.F.= S2σ, is normally used 
as the indicator for evaluating thermoelectric performance.17–19

Theoretically, thermoelectric films (TEFs) are expected to have 
lower thermal conductivity than that of the bulk materials due to 
stronger phonon scattering at both surface and film/substrate 
interface.20–22 This advantage endows the TEFs great potential in 
developing high-performance and inexpensive thermochemical 
chips and cooling systems for microelectronic components.23 So far, 
the best material for room-temperature thermoelectrical 
applications is bismuth telluride (Bi2Te3) and its alloys in both bulk 
and thin-film forms.24 However, the toxic and rare tellurium (Te) 
element may limit the prevailing application of the compounds, so 
that scientists must seek cheaper and nontoxic alternatives. 

Sulfur (S), on the other hand, is abundant in the Earth’s crust, 
inexpensive, and has low toxicity. Therefore, substituting bismuth 
sulfide (Bi2S3) for bismuth telluride (Bi2Te3) is feasible for room-
temperature T.E. applications. Bi2S3, with a direct bandgap of 1.3 
eV,25–27 belongs to the family of compounds M2X3 (where M=Bi, Sb, 
and X=S, Se, Te), which are considered to be promising candidates 
for thermoelectric applications. Various methods toward Bi2S3 thin 
films have been reported, including chemical bath deposition 
(CBD),28,29 chemical vapor deposition (CVD),30,31 spray pyrolysis 
(S.P.),32,33 dip-coating technology,34 and successive ionic layer 
adsorption and reaction (SILAR).35,36 However, films based on these 
methods showed inferior electrical transport properties, 
discouraging further research on their thermoelectric properties. For 
example, Recatala-Gomez et al. prepared Bi2S3 thin film by electron 
beam lithography with an electrical conductivity of 6 S cm-1, which 
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showed a low Seebeck coefficient (−21.41 μW K-1) at room 
temperature (RT).37 The poor performance indicated that the film 
fabrication and the carrier concentration need to be appropriately 
improved.

Up to date, many precursors complexes have been employed 
for the preparation of solid solution thin films/bulk materials: such 
as bis(selenobenzoato)dibutyltin(IV) for SnS1−xSex, 38 bis(N,N-diethyl-
N′-naphthoylchalcogenoureato)lead(II) for PbS1-xSex, 39 and 
chalcogeno (thio and seleno) benzoate for Sb2(S1−xSex)3.40 Similarly, 
significant success has been achieved using the antimony/bismuth 
complexes of dithiocarbamates,30,41 dithiophosphates,42,43 and 
thiourea,44,45 as single-source precursors to prepare chalcogenide 
semiconductors. We chose the metal xanthate precursors to prepare 
Sb2S3

43,46 and Bi2S3
37,47 due to the low decomposition temperature of 

metal xanthate complexes (~150 °C), and the advantage of producing 
oxide-free metal sulfide products compared to the dithiocarbamate 
complexes via Chugaev elimination46,48,49 during thermolysis. 
Concisely, this approach is simple and can produce high-quality metal 
sulfide with controlled composition. Therefore, we adopted 
composition engineering by chalcogenide metal-xanthate Precursors 
(bismuth (III) ethylxanthate) to prepare high-quality Bi2S3 films on the 
soda-lime glass by spin-coating and post-annealing steps. 
Characterization of these as-deposition Bi2S3 thin films showed a 
higher Seebeck coefficient of −388.33 μV K−1 than previously 
reported results for both thin-film50 and bulk materials51–53 at RT. The 
P.F. of Bi2S3 films has a decent value of 170.10 μW m-1 K-2, which 
approaches nearly 3 times of Bi2S3 film reported before (63.01 μW m-

1 K-2).54 Moreover, the same method was used to synthesize (Bi1-

xSbx)2S3 solid solutions with further improved Seebeck coefficients of 
-516.35 μV K-1. This work indicates that composition engineering 
could be an effective method to enhance the thermoelectric 
performance of Bi2S3 films as a promising substitute for telluride-
based TE films.

Experimental
Chemicals
All the materials and chemicals below were used as received 
without further treatment. Bismuth nitrate pentahydrate 
(Bi(NO3)3·5H2O, 99.99%) was purchased from Aladdin. 
Potassium ethylxanthate (C3H5KOS2, 98%) was purchased from 
Alfa Aesar, Antimony (III) chloride (SbCl3, 99.95%), and 
chlorobenzene (CB, 99.8%, anhydrous) were purchased from 
Sigma-Aldrich. Hydrochloric acid (HCl, 36%-38%, AR) and 
methanol (CH3OH, AR) were purchased from Xi Long Scientific. 
Chloroform (CHCl3, AR) was purchased from Sinopharm 
Chemical Reagent Co., Ltd.

Instrumentation
The morphology of the samples was inspected using a Field 
Emission Scanning Electron Microscope (FESEM, Thermo Fisher 
-Apreo S LoVac). The Energy dispersive spectrometer (EDS) 
analysis and X-ray dot mapping of (Bi1-xSbx)2S3 thin films 
(0≤x≤0.05) was inspected using a Bruker Energy Dispersive X-ray 
Spectrometer (QUANTAX 200 with XFlash 6/100). Ultraviolet-

visible (UV-vis) absorption spectra were recorded on a Cary 
5000 spectrophotometer. The Fourier-transform infrared (FT-
IR) spectrums were measured using the Thermo Fisher Nicolet 
iS 50. The XRD patterns were measured using a Rigaku Miniflex 
600 (Cu Kα radiation, λ=1.5418 Å) with an angle range of 2θ = 3° 
to 70°. The X-ray photoelectron spectrum was performed using 
an X-ray photoelectron spectroscopy (XPS) system (Axis Supra, 
Shimadzu). Element analysis (EA) was measured by Elementar 
Vari EL Cube. Roman spectrum was obtained by BWS465-785S. 
The 1H NMR spectra were performed on the Bruker AVANCE III 
500 MHz spectrometer. Chemical shifts for 1H NMR spectra 
were referenced in the deuterated solvent (CHCl3 δ = 7.26 ppm 
for 1H). Thermogravimetric (TGA) measurements and 
differential scanning calorimetry (DSC) were carried out on a 
Mettler Toledo DSC1 at a heat ramp of 10 °C min-1 under Argon. 
The Hall-effect measurements system (HMS5000, Side 
Semiconductor Technology, Shanghai, China) was measured to 
obtain electric properties such as carrier concentration, 
conductivity, mobility of thin films. The thickness of films was 
determined by Alpha-Step D-600 (KLA, the United States). The 
electric conductivity was determined by a four-probe method 
using 4200A-SCS Clarius (Keithley). The Seebeck coefficient was 
measured by a Keithley 2000 Multimeter (Cleveland, OH, USA). 
The Seebeck coefficient is defined as S=ΔV/ΔT, where ΔV and ΔT 
are the voltage drops across the material and the temperature 
gradient along with the voltage drop. It was determined by an 
applied temperature difference of ΔT = 3 K between the two 
ends of the samples. In addition, the channel width and the 
length of the electrode are 1 mm and 7 mm, respectively. All of 
the measurements were carried out at room temperature.

Synthesis of bismuth (III) ethylxanthate, Bi(S2COEt)3

The synthesis of Bi(S2COEt)3 has been well established 
previously.55 Typically, Bi(NO3)3·5H2O (4.8507 g, 10.0mmol) was 
suspended in an aqueous solution (100 mL) and conc. HCl (36~38% 
v/v) was added dropwise until a clear solution was obtained. 
Potassium ethylxanthate (4.8090 g, 30.0 mmol) was dissolved in 
water (25 mL) and added to the bismuth nitrate solution, and stirred 
for 30 min. at room temperature. The yellow solid formed was 
collected by vacuum filtration and recrystallized from a chloroform 
solution. Elemental analysis (%) found (%): C, 18.86; H, 2.66; S, 33.54. 
calc (%): C, 18.88; H, 2.64; S, 33.60. IR (cm-1): 1190 ν(C–O); 1022 ν(C–
S). 1H NMR (CDCl3): δ 4.69 (q, J = 7.1 Hz, 2H, CH2), δ 1.49(t, J = 7.1 Hz, 
3H, CH3).

Synthesis of antimony (III) ethylxanthate, Sb(S2COEt)3.
For Sb(S2COEt)3 preparation, it also had been reported before.56 

Antimony (III) chloride (1.9 g, 8.3 mmol) was dissolved in 25 mL of 
methanol and added dropwise to a solution of potassium 
ethylxanthate (4 g, 24.9 mmol) in methanol (100 mL) with constant 
stirring. The reaction mixture was stirred at room temperature for 
approximately 30min to ensure the completion of the reaction. The 
precipitates formed were filtered and dried under vacuum, resulting 
in a bright yellow solid. The product was recrystallized by dissolving 
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the precipitates in chloroform and removing the insoluble impurities 
by filtration. A clear yellow solution was obtained, which on 
evaporation yielded the pure product. Elemental analysis (%) found 
(%): C, 22.25; H, 3.12; S, 39.78. calc (%): C, 22.27; H, 3.12; S, 39.63. IR 
(cm-1): 1221 ν(C–O); 1020 ν(C–S). 1H NMR (CDCl3): δ 4.69 (q, J = 7.1 
Hz, 2H, CH2), δ 1.49(t, J = 7.1 Hz, 3H, CH3).

Preparation of (Bi1-xSx)2S3 thin films.
(Bi1-xSbx)2S3 thin films with different mole fractions of Sb (x = 0, 

0.02, 0.03, 0.04, and 0.05) were prepared using the composition 
engineering strategy. Firstly, to prepare the precursor solution, a 
certain amount of Bi(S2COEt)3 and Sb(S2COEt)3 was dissolved in CB 
and stirred for above 2 h. Then, the precursor solution was filtered 
and spin-coated onto glass substrate at 900rpm for 9s and 3000rpm 
for 21s or/and fluorine-doped tin oxide (FTO)-coated glass substrate, 
which has already been washed (by detergent, deionized water, 
acetone, and ethanol with the assistance of sonication) and treated 
by plasma. Finally, it was annealed at 300 °C for 60 s. The spin-coating 
and post-annealing procedures were repeated four times, and the 
last time annealed for 10 min to make the film thicker and remove 
the solvent. This process was performed in an N2-filled glovebox to 
prevent oxidation.57

Results and discussion
The chalcogenide precursors Bi(S2COEt)3 and Sb(S2COEt)3 were 

prepared according to literature, and the chemical structures were 
confirmed by 1H-NMR.55 (Fig. S1†) To facilitate the film deposition 
and post-annealing steps, the thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC) of the chalcogenide 
precursors Bi(S2COEt)3 and Sb(S2COEt)3 were conducted. As shown in 
Fig. 1A, Bi(S2COEt)3 exhibited a steep one-step mass loss from 117 °C 
until 155 °C, with a remaining weight percent of 45.58%, consistent 
with the calculated (44.95%) composition of inorganic Bi2S3. 
Meanwhile, the DSC analysis shows the melting of bismuth (III) 
ethylxanthate at ∼117 °C accompanying the decomposition. The 
smaller endotherm peak at about 151 °C is probably due to the 
Chugaev elimination reaction, which leads to the final formation of 
Bi2S3. Similarly, the TGA of Sb(S2COEt)3 showed decomposition in the 
temperature range of 100-160 °C, and the minor weight loss of 
approximately 2% at 243 °C can be ascribed to sulfur removal (Fig. 
1B). The final residual mass (35.94%) matches the calculated 
composition for Sb2S3 (35.10%). 

The X-ray diffraction (XRD) patterns of the as-deposited Bi2S3 
films after annealing at 300 °C are presented in Fig. 1C. The 
orthorhombic phase of Bi2S3 is persuasively consistent with the 
standard JPCDS No.17-0320 PDF card.47 Some peaks are widened due 
to the vicinity of the scattering angles of certain planes such as (240) 
and (420) planes, (020) and (200) lattice planes.55 Moreover, from 
the XRD patterns (Fig. S2†), the intensity of diffraction peaks of (130, 
301), (210) and (211) gradually increase, indicating that the 
crystallinity of Bi2S3 thin film increases with the increase of 
annealing temperature, and higher temperature led to larger 
average crystallite size (Fig. 1D). For example, at 220 °C, an average 
crystallite size of 38.21 nm from the Bi2S3 film is calculated, which 

becomes 2.5 times larger when the annealing temperature reaches 
300 °C. 

Fig. 1 (A and B) are TGA and DSC spectra of Bi(S2COEt)3 and Sb(S2COEt)3 
powders, respectively (conducted under an argon atmosphere). (C) XRD 
pattern of the as-deposited film (red) after annealing at 300 °C and 
JPCDS NO.17-0320 (black). (D) Average crystallite sizes (D) of Bi2S3 films 
annealed at different temperatures.

Fig. 2 shows the surface morphology and cross-section of the 
Bi2S3 films after annealing at different temperatures. We speculate 
that the anisotropic nature of the crystal growth in Bi2S3 crystals is 
the reason behind the phenomenon, where the growth along the c 
axis is more favored than along the a and b axis. According to the 
Periodic Bond Chain (PBC) theory, the crystal habit is governed by a 
set of uninterrupted chains of strong bonds formed in the crystal 
lattice.58 Therefore, the crystal easily grows along the c axis because 
the force of covalent bonds is the strongest among all directions. 

Fig. 2 Topology SEM images of the Bi2S3 films after annealing at (A) 220 °C, (B) 

240 °C, (C) 260 °C, (D) 280 °C (E) 300 °C and (F) 300 °C with higher-resolution 
on glass.

Moreover, when the temperature increases from 220 °C to 260 
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°C, the growth rate along the c axis is also faster than that of the a 
and b axis, resulting in the growth of the rod. As the temperature 
further increases, the slow growth of crystals along the a-axis and b-
axis could result in the thickening of sharp needles to rods. Thus, as 
the temperature and crystallite size increase, the morphology 
changes from an interwoven needle-like network structure to 
smoother, closely conjoined rods (Fig. 2F), favoring the transfer of 
carriers.59 The enlarged average grain size with the increase of 
annealing temperature is consistent with the XRD analysis. At 300 °C, 
the Bi2S3 rods with dimensions of approximately 65×500 nm 
constructs into continuous and compact films. The thickness of Bi2S3 
films was controlled by preparing precursor solutions with different 
concentrations and measured by surface stylus profiler (Table S1†). 
The conductivity of the films was reported to be strongly influenced 
by the thickness.60,61 In our case, the thickness of Bi2S3 film is 
optimized at 150 nm when the concentration of precursor solution is 
controlled at 0.2 mol·L-1.

As shown in Fig. S3†, the bandgap of Bi2S3 films decreases 
slightly with the increase of annealing temperature due to the 
enlarged average crystallite size. After annealing at 300 °C, the 
bandgap is calculated to be around 1.3 eV (Fig. 3A), consistent with 
the previous reports.31 In Fig. 3B, the composition of the Bi2S3 film 
annealed at 300 °C is investigated by Raman spectroscopy. Three 
distinctly dominant peaks at 184 cm-1, 235 cm-1, and 255 cm-1 can be 
assigned to the Ag symmetric bending vibration,  Ag and B1g anti-
symmetric stretching vibrations, respectively, which agree with the 
reported data for Bi2S3 prepared by other methods.62,63 

Fig. 3 (A) Absorptance of the Bi2S3 thin film after annealing at 300 °C, the inset 
showing the Tauc-plot analysis of Bi2S3 film with the substitution absorption 
coefficient (α) of absorption (A). (B) Raman spectrum (C) XPS core-level 
spectra of Bi 4f and S 2p. (D) the S 2s spectrum from the Bi2S3 film annealed 
at 300 °C.

XPS measurements were performed to unveil the valence states 
and stoichiometric ratio of the as-deposited films. Fig. S4 shows the 
XPS survey spectrum of a pristine Bi2S3 film annealed at 300 °C. All 
peaks can be assigned to C, O, Bi, and S elements. The binding energy 
of the C(1s) transition was used as a reference to calibrate the 
binding energy of other elements. It is possible that the carbon 

signals may come from both the polluting carbon in the environment 
and the contamination from residual xanthates. According to the 
thermogravimetry analysis (TGA) of Bi(S2COEt)3 under nitrogen, no 
organic compound but only carbon could be left when the annealing 
temperature was 300 °C In Fig. 3C, the two strong peaks at 158.56 
and 163.92 eV can be assigned to Bi 4f7/2 and Bi 4f5/2, respectively, 
with a typical Bi 4f spin-orbit doublet splitting at 5.36 eV.64–66 
Moreover, the peak at the binding energy of 225.72 eV in Fig. 3D 
corresponds to the S 2s core level. The calculated elemental ratio 
(Bi/S: 39.85/60.15) is in good agreement with the stoichiometry of 
Bi2S3, which confirms the formation of a stoichiometric Bi2S3.67

Different chalcogenide metal-ligand precursors can be mixed to 
make solid solutions of Group V metals (Bi1-xSbx)2S3 (0≤x≤0.05), via 
so-called “composition engineering”. The well-defined XRD patterns 
shown in Fig. S5 indicate the polycrystalline nature and bismuthinite 
phase of (Bi1-xSbx)2S3 films (JCPDS No. 17-0320) after annealing at 300 
°C. All samples were confirmed to comprise a single phase with an 
orthorhombic structure. By the way, as the Sb mole fraction increase, 
the crystallinity of (Bi1-xSbx)2S3 (0≤x≤0.05) films does not change 
significantly. Moreover, EDX spectrum mapping of the (Bi1-xSbx)2S3 
samples prepared for all the x values are shown in Fig. S6. It is clearly 
seen within the range of vision that all the elements (Bi, Sb, and S) 
were evenly distributed throughout the sample. Afterward, with the 
increase of ‘x’, the diffraction peak (130) shifts toward higher angles 
(Fig. 4A) due to the smaller atomic radius of ‘Sb’ (159 pm) than that 
of ‘Bi’ (170 pm). The substitution of ‘Sb’ in the lattice of Bi2S3 
decreases the interplanar spacing and results in a shift of diffraction 
peaks to higher angles.56 Furthermore, the change of lattice 
parameters a, b, and c with the Sb mole fraction can be calculated 
through the XRD patterns (Fig. S5). The replacement of Bi3+ by Sb3+ in 
the Bi-Sb-S solid solution series increased the a and b unit cell 
parameters (Fig. 4B),68 while the length of the c-axis is shortened, 
which may be due to the decreased M–S bond lengths from Bi2S3 to 
Sb2S3 and led to the contraction of rods along this direction.68 (Fig. 
4C left, Table S2†). 

More information about the solid structure of (Bi1-xSbx)2S3 
(0≤x≤0.05)  films from composition engineering can be extracted 
from the XRD results (the specific calculation method is described in 
detail in the supporting information).27 First, with the increase of the 
Sb mole fraction, the average crystallite size (D) calculated based on 
Scherrer equation69,70 decreased (Fig. 4C right), and therefore the 
number of crystallites per unit area (N) increased (Fig. 4D). Finally, 
the dislocation density (δ) as one of the critical indicators for 
evaluating the lattice thermal conductivity of the material also goes 
up when more Bi was gradually replaced by Sb in Bi2S3 lattice, which 
may result in larger lattice distortion.71 (Fig. 4E) The specific 
discussion will be carried out in the thermoelectric properties 
section. 

On the other hand, the optical bandgap of (Bi1-xSbx)2S3 solid 
solutions were calculated based on UV-vis (Fig. S7, S8†). From the 
Tauc-plots shown in Fig. S8, with the increase of Sb mole fractions 
from near 0 to 0.05, the calculated direct band gaps increase from 
1.46 to 1.59 eV, of which the values lie between intrinsic Bi2S3 and 
Sb2S3, i.e., 1.3 and 1.7eV.72–74 Fig. S9 reveals the dependence of the 
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bandgap of the (Bi1-xSbx)2S3 samples on their compositions, which in 
turn confirms the formation of a homogeneous solid solution.56 
Meanwhile, a slight deviation from a linear trend is probably due to 
the stoichiometric variations in the synthesized solid solutions, as has 
been observed previously. 75 

Fig. 4 XRD analysis of (Bi1-xSbx)2S3 (0≤x≤0.05) films annealed at 300 °C. (A) 
Enlarged area of the diffraction peak (130). Change of (B) Lattice parameters. 
(C) Unit cell volume (V) (red line) and average crystallite size (blue line). (D) 
Number of crystallites per unit area (N). (E) Dislocation density (δ). 

In order to explore the relationship between Seebeck 
coefficient and conductivity, the influence of different variables (e.g., 
annealing temperature, precursor concentration, and Sb content) on 
the thermoelectric properties of (Bi1-xSbx)2S3 (0≤x≤0.05) films was 
investigated by carrying out Hall effect and Seebeck effect 
measurements. First, Hall effect measurement was applied to 
determine the carrier concentration (n) (Fig. 5A, D, G) and mobility 
(µ) (Fig. 5B, E, H) of these films, based on which we attained the σ of 
the films via the equation of σ=neμ (e is electron charge). The 
Seebeck coefficient was measured by a homemade Seebeck 
measurement system (See Fig. S10 for the test device diagram in 
detail) to calculate power factor (P.F.) (Fig. 5C, F, I). The four-probe 
method was also used to measure the conductivity (σ) for references. 
(Table S3-5) According to the data of all samples, the volatility of the 
data is small, indicating high repeatability and good performance 
stability.

Fig. 5A, B show the n and µ for intrinsic Bi2S3 films after 

annealing at different temperatures when the precursor 
concentration is set at 0.25mol L-1. With the increase of annealing 
temperature, the carrier concentration decreases while the carrier 
mobility increases, which could be explained by reducing the intrinsic 
defects with higher annealing temperature.76 Remarkably, the 
carrier mobility increased from 1.204 to 45.27 cm V-1 s-1 as the 
temperature increases from 220 to 300 °C, and meanwhile, the 
carrier concentration decreased an order of magnitude to 
1.977×1018 cm-3, approximately the same level as typical bulk Bi2S3 
material.77,78 As shown in the XRD measurements, the increased 
annealing temperature will increase the crystallinity of the film and, 
hence, decrease the grain boundary density. The gradually reduced 
intrinsic defects result in the reduction of carrier scattering at grain 
boundaries and the increase of the mean free path of carriers. Due 
to a higher increasing rate of the carrier mobility than the decreasing 
rate of carrier concentration, the electrical conductivity increased to 
about 14.32 S cm-1 (Fig. 5C). Meanwhile, since the Seebeck 
coefficient is inversely proportional to the carrier concentration, as 
illustrated by 

𝑆=
8𝜋2𝐾2𝐵

3𝑒ℎ2
𝑚∗𝑇(

𝜋
3𝑛
)2 3

Where KB is the Boltzmann constant, h is Planck’s constant, m∗ is 
the effective mass of the charge carrier. The Seebeck coefficient 
achieved a maximum value of 344.17 μV K-1 (Fig. 5C) with the sample 
annealed at 300 °C, where the P.F. also reached its peak of 170.10 
μW m-1 K-2. 

The dependence of the n and µ of on precursor concentrations 
is shown in Fig. 5D, E. In this study, all the films were annealed at 300 
°C. Fig. 5D shows that the carrier concentration monotonously 
increases with the increase of precursor concentration due to the 
added thickness.79 However, the carrier mobility reaches the 
maximum at the precursor concentration of 0.20 mol L-1, indicating 
the impact of proper film thickness. (Fig. 5E) As a result, the electrical 
conductivity also showed the maximum at the concentration of 0.20 
mol L-1. When the thickness is further increased, the conductivity 
drops due to higher resistance. (Fig. 5F) As mentioned above, the 
thickness was about 150 nm with a precursor concentration of 0.20 
mol L-1. At low precursor concentrations (0.15 to 0.20 mol L-1), the 
carrier concentrations changed slightly since the phonon scattering, 
which enhances along with the film thickness, played the dominant 
role. Since the Seebeck coefficient depends mainly on phonon 
scattering and carrier concentration,80 the maximal value of Seebeck 
coefficient appeared at 0.20 mol L-1 with an improved value of -
388.33 μV K-1. Meanwhile, the P.F. has also reached the optimal value 
of 154.09 μW m-1 K-2. When the precursor concentration is further 
increased, the carrier concentration becomes the dominant factor, 
and therefore the Seebeck coefficient drops. Subsequently, the P.F. 
decreased gradually, resulting from decreasing in the Seebeck 
coefficient and electrical conductivity. 
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Fig. 5 Carrier transport and thermoelectric properties of (Bi1-xSbx)2S3 (0≤x≤0.05) films at R.T. (A and B) Annealing temperature dependences of the 
n and µ. (C) Annealing temperature dependences of σ (green cross), Seebeck coefficient (blue dot), and P.F. (red dot). (D and E) Precursor 
concentration dependences of the n and µ annealing at 300 °C. (F) Precursor concentration dependences on σ (green line), the Seebeck (blue line), 
and the P.F. (red line). (G and H) Sb mole fraction dependences of the n and µ. (I) Sb mole fraction dependences of σ (green line), the Seebeck (blue 
line), and the P.F. (red line)

It was reported that the mixing of hetero-atoms in an intrinsic 
TE compound could further improve the Seebeck coefficient.71,81 
There have been reports about incorporating Sb to improve the 
Seebeck coefficient by manipulating the band structure.71 
Specifically, the incorporation of Sb could tune the effective mass 
(m*) and resonant states so as to manipulate the band structure of 
Bi2S3. As we know, improving the Seebeck coefficient can be realized 
by tuning effective mass (m*) and carrier concentration (n). After 
introducing Sb, the valance band is dominated by the Sb-5p and S-3p 
orbitals,82 creating a “resonant” state due to distortion on the Bi2S3 
band. When the Fermi level moves close to the resonant state, m* 
becomes significantly increased due to the increased DOS,83 which 
has been proven by DFT calculations about thermoelectric properties 
of the Sb-S System. 

In this study, the carrier transport properties of the (Bi1-xSbx)2S3 
(0≤x≤0.05) solid solution films coated with a concentration of 0.20 
mol L-1 and annealed at 300 °C were determined by measuring their 
n and µ. (Fig. 5G, H). As shown in Fig. 5G, with the increase of the Sb 
mole fraction, the n increases indubitably. Nevertheless, the µ 
reached the maximum of 14.45 cm2 V-1 s-1 when x = 0.03, and then 
decreased with Sb content going higher. It was reported that the µ 
of Bi2S3 single crystal in the c-axis direction is higher than that in the 
a-axis direction due to the anisotropy of electron-effective mass.84 
Therefore, the gradual shortening of the c-axis over the range of 
increasing x (Fig. 4C) may promote the increase of the µ. (vide supra) 
Meanwhile, the decline of the µ when the mole fraction of Sb 
increases could be understood by the dramatically decreased 
average crystallite size (Fig. 4D).

Upon calculation, the electric transport properties (σ) of (Bi1-

xSbx)2S3 followed the trend of µ and are poorer than those of pure 
binary Bi2S3 films. (Fig. 5I, green dots) This could be because the 
larger bandgap of Sb2S3 than Bi2S3 leads to a poorer ability to create 
sulfur vacancies,85 which generally act as electron donors to increase 
the carrier concentration and hence the σ.77 However, due to the 
increased dislocation density with more Sb substitution (Fig. 4F), the 
phonon scattering of those ternary films was enhanced and led to 
lower lattice thermal conductivity, which is theoretically beneficial 
for improving the Seebeck coefficient.71 Besides, the (Bi1-xSbx)2S3 
films with small crystallite sizes and more crystallites possess large 
amounts of crystallite boundary barriers, which may play a role of 
energy filter to screen out low energy carriers, thus leading to an 
increase of Seebeck coefficient.23,71 As expected, the (Bi1-xSbx)2S3 
thermoelectric thin films showed a further increased Seebeck 
coefficient of -516.35 μV K−1. The introduction of Sb by chalcogenide 
metal-ligands engineering effectively improved the Seebeck 
coefficient of intrinsic Bi2S3 film. Nevertheless, the P.F. declined 
slightly due to the decrease in electric conductivity. Additionally, for 
comparison, the thermoelectric properties of other previously 
reported TEFs or bulk at room temperature are listed in Table S6. It 
is found that the thermoelectric performance of thin films fabricated 
by our method in the present work is higher than most other works 
except Ref. 9 due to different fabrication and measuring conditions. 
Consequently, the composition engineering approach could pave the 
way for developing other high-performance low-temperature 
chalcogenides-based thermoelectric thin films. 



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

Conclusions
In summary, a series of high-quality (Bi1-xSbx)2S3 (0≤x≤0.05) thin 
films with high room-temperature thermoelectric performance 
via a unique composition engineering protocol has been 
prepared. With higher annealing temperature and due to the 
much-enhanced μ and σ thereof, the power factor arrives at the 
optimum point of 170.10 μW m-1 K-2 at RT, which is a vital 
breakthrough for Bi2S3 thermoelectric thin film. Notably, the 
achieved high Seebeck coefficient of -388.33 μV K−1 exceeded 
that of the reported Bi2S3 bulk material (-352 μV K−1). 
Subsequently, the effect of Sb-doping was investigated to 
promote the thermoelectric properties further. As a result, it 
was motivated to see that the (Bi0.97Sb0.03)2S3 film acquired the 
even higher Seebeck coefficient of -516.35 μV K−1. With this 
work, we realized Bi2S3 derivatives as the high-performance 
Room-temperature thermoelectric material through the 
chalcogenide metal-ligands composition engineering. We 
expect the method to be extended to other thin-film 
thermoelectric materials and broaden the choice of room-
temperature TEFs for wearing microelectronic devices.
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