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[bookmark: _Hlk135904167][bookmark: _Hlk190111292]High-purity raw materials, Bi bulk (99.9999%), Te bulk (99.999%) and Se particles (99.999%) with stoichiometric composition were weighted and flame-sealed in quartz tubes at a residual pressure below ~10-4 Torr, slowly heated to 1073 K over a time period of 12 h, then soaked for 12 h followed by furnace cooling to room temperature. The obtained ingots were ground into powders and densified by hot-pressing (HP) furnace (OTF-1700X-RHP4) at different temperatures (523 K, 573 K, 623 K, 673K and 723 K) for 5 min in a diameter of 12.7 mm cylindrical die under an axial compressive stress of 50 MPa in vacuum, resulting in highly densified disk-shaped samples. Then the samples were sealed in quartz tubes at a residual pressure below ~10-4 Torr and annealed at 723 K for 25 h, 50 h, 75 h, and 100 h. After annealing treatment, the samples were naturally cooled to room temperature.
The phase identification was characterized through powder X-ray diffraction with Cu Kα (λ = 1.5418 Å) radiation in a reflection geometry operating at 40 kV and 40 mA. The lattice parameters were calculated and refined by using the software package, which named “HighScore Plus”. The content of each element and the microstructure images of excellent samples were observed by scanning electron microscope (SEM, JSM-6460, Japan) with Oxford energy dispersive X-ray (EDX) apparatus.
Hall coefficients (RH) were measured with van der Pauw method, which was conducted in Lake Shore 8400 Series at room temperature, using four probes to contact the corners of a square sample. The applied reversible magnetic field and current are 0.9 T and 20 mA, respectively. The sample size is 6×6 mm2 with thickness around 0.9 mm. The hall carrier density (nH) was obtained by nH = 1/(e·RH), and the hall carrier mobility (μH) was calculated using the relationship μH = σ·RH with σ being the measured electrical conductivity.
The obtained highly densified HP processed disk-shaped samples were cut into bars with dimensions around 10×4×4 mm3 to measure electrical conductivity (σ) and Seebeck coefficient (S) from 300 to 723 K by using a CTA equipment (Cryoall, China) under a low-pressure helium atmosphere. 
[bookmark: _Hlk135903006][bookmark: _Hlk139912416]The HP disk-shaped samples were cut and polished into a square with diameter of 6×6 mm2 and 1.5 mm thickness for thermal diffusivity (D) measurements. The samples were coated with a thin-graphite layer to minimize errors from the emissivity method in CLA-1000 (Cryoall, China) instruments. The total thermal conductivity (κtot) of the samples was calculated using the formula: κtot = DρCp within the temperature range of 300-723 K. The sample density (ρ) was determined using the dimensions and mass of the samples. The specific heat capacity (Cp) was calculated by the Dulong-Petit law.1 Electronic thermal conductivity (κele) is estimated from the Wiedemann-Franz law, κele = LσT, where L is the Lorenz number, and σ is the electrical conductivity at working temperature T. Temperature dependent L was calculated based on the fitting of temperature dependent Seebeck values assuming a single parabolic band model. Lattice thermal conductivities (κlat) of all samples are obtained by subtracting the κele from κtot. Notably, all properties are measured perpendicular to the HP direction.
The Lorenz number (L) is used to evaluate the electronic thermal conductivity (κele) with a relationship of κele =LσT, where the σ is the electrical conductivity, T denotes working temperature. The Lorenz number can be obtained by fitting the Seebeck coefficient to the reduced chemical potential with following equations:
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		(S2)

[bookmark: _Hlk190119339]		(S3)

[bookmark: _Hlk190099409]		(S4)
where kB, e, r, Fn(η), Ef are the Boltzmann constant, electron charge, scattering factor, Fermi integral and Fermi level, respectively. The acoustic phonon scattering has been assumed as the main carrier scattering mechanism with r = -1/2 in Bi2Te3 system.
The heat capacity (Cp) was calculated through Dulong-Petit law:1

		(S5)
Where R, M and N represent idea gas constants, molar mass and the number of atoms per formula unit. 
The Pisarenko relation is calculated by the SPB model with equations S2, S3 and S6:

		(S6)
[bookmark: _Hlk190101075]where kB, e, r Fn(), , m*, and h donate the Boltzmann constant, electron charge, the scattering factor, Fermi integral, reduced Fermi level, effective carrier mass, and Planck constant, respectively. r equals -1/2 when the acoustic scattering mechanism dominates.

TABLE S1. Comparisons of preparation process for n-type Bi2(Te,Se)3 samples.
	Samples
	Melting
parameters
	Sintering
parameters
	Heat treatment
	Refs.

	
	T
(K)
	Time
(h)
	type
	T
(K)
	Pressure
(Mpa)
	Time
(min)
	
	

	Bi2Te2.85Se0.15
	/
	/
	SPS
	673
	50
	10
	/
	2

	Bi2Te2.7Se0.3
	1073
	10
	SPS
	693
	50
	5
	/
	3

	Bi2Te2.7Se0.3
	1023
	5
	SPS
	723
	50
	5
	/
	4

	Bi2Te2.7Se0.3
	1073
	10
	SPS
	723
	50
	5
	/
	5

	Bi2Te2.7Se0.3
	1073
	24
	SPS
	723
	50
	5
	/
	6

	Bi2Te2.7Se0.3
	1273
	6
	SPS
	773
	60
	3
	/
	7

	Bi2Te2.7Se0.3
	1023
	12
	HP
	623
	50
	10
	/
	8

	Bi2Te2.5Se0.5
	1023
	5
	SPS
	643
	40
	10
	/
	9

	Bi2Te2.4Se0.6
	/
	/
	SPS
	673
	40
	3
	/
	10

	Bi2Te2.4Se0.6
	1173
	12
	SPS
	693
	50
	10
	AN (673 K, 48 h; 723 K, 168 h)
	11

	Bi2Te2.4Se0.7
	1323
	10
	SPS
	723
	50
	5
	/
	12

	Bi2Te2.1Se0.9
	1123
	24
	SPS
	723
	50
	5
	/
	13

	Bi2Te2.6Se0.4
(this work)
	1073
	12
	HP
	723
	50
	5
	AN (723 K, 100 h)
	


Note: T means temperature; AN means annealing treatment.
[image: ]
[bookmark: _Hlk135777119]FIG. S1 PXRD patterns and thermoelectric transport properties of Bi2Te3-xSex (x = 0-0.5). (a) PXRD patterns. (b) Lattice parameter as a function of Se fraction.

[bookmark: _Hlk196169735]TABLE S2. Sample density of Bi2Te3-xSex (x = 0-0.5).
	x
	0
	0.1
	0.2
	0.3
	0.4
	0.5

	Sample density (g cm-3)
	7.66
	7.61
	7.65
	7.64
	7.65
	7.64

	Theoretical density (g cm-3)
	7.86
	7.83
	7.79
	7.76
	7.72
	7.69
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[bookmark: _Hlk79510415]FIG. S2 Temperature-dependent thermoelectric transport properties of Bi2Te3. (a) Electrical conductivity. (b) Seebeck coefficient. (c) Power factor. (d) Total thermal conductivity. (e) Lattice thermal conductivity. (f) ZT values.
[image: ]
[bookmark: _Hlk135777450][bookmark: _Hlk190094546][bookmark: _Hlk190093876][bookmark: _Hlk135777436]FIG. S3 Thermoelectric transport properties of Bi2Te3-xSex (x = 0-0.5). (a) Lorenz number. (b) Electronic thermal conductivity.
[image: ]
[bookmark: _Hlk135777478]FIG. S4 Thermoelectric transport properties of Bi2Te2.6Se0.4 with different hot-pressing temperature. (a) Electrical conductivity. (b) Seebeck coefficient. (c) Power factor. (d) Total thermal conductivity. (e) Lattice thermal conductivity. (f) ZT values.
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[bookmark: _Hlk147868249][bookmark: _Hlk190858665]FIG. S5 Sample density of Bi2Te2.6Se0.4 with different hot-pressing temperature.
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FIG. S6 Thermoelectric transport properties of Bi2Te2.6Se0.4 with different hot-pressing temperature. (a) Lorenz number. (b) Electronic thermal conductivity.
[image: ]
[bookmark: OLE_LINK11]FIG. S7 Room-temperature Pisarenko relationship with efective mass, m* = 0.73, 0.84, 0.60 and 0.74 me.

[image: ]
FIG. S8 Thermoelectric transport properties of Bi2Te2.6Se0.4. (a) Lorenz number. (b) Electronic thermal conductivity.

[bookmark: _Hlk198047006][bookmark: _Hlk190094045]TABLE S3. Sample density of Bi2Te2.6Se0.4 with different annealing time.
	[bookmark: _Hlk196169716]Annealing time (h)
	0
	25
	50
	75
	100

	Sample density (g cm-3)
	7.67
	7.26
	6.82
	6.70
	6.84
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