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Fig. S1. The thermoelectric transport properties of Ta alloyed Nb0.95-xTaxTi0.05FeSb samples after Sb-pressure control annealing at 1143 K for 2 days. a, The temperature dependent electrical conductivity (σ). b, Seebeck coefficient (S). c, Power factor (S2σ). d, Total thermal conductivity (κtot). e, Lattice thermal conductivity (κL). f, zT value.
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Fig. S2 The thermoelectric performance of Ti doped Nb0.60-xTa0.40TixFeSb samples after Sb-pressure control annealing at 1143 K for 2 days. a, The temperature dependent electrical conductivity (σ). b, Seebeck coefficient (S). c, Power factor (S2σ). d, Total thermal conductivity (κtot). e, Lattice thermal conductivity (κL). f, zT value.
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Fig. S3 The SEM images of the Nb0.55Ta0.40Ti0.05FeSb samples. a, The sample as-hot-pressed. b, After conventional vacuum annealing at 1123 K for 6 days. The gain size remains 200-300 nm afterwards.
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Fig. S4 TEM and EDS mapping images of the Nb0.55Ta0.40Ti0.05FeSb samples with different annealing process. a-d, The grain boundary of as-hot-pressed sample. e-j, The TEM images and EDS mapping (e-h) and the STEM and line scan (i,j) of the sample after conventional vacuum annealing at 1123 K for 6 days. k,l, The sample after Sb-pressure control annealing at 1143 K for 2 days, where the Sb-rich region at grain boundary is eliminated.
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Fig. S5 The thermoelectric transport properties of Nb0.55Ta0.40Ti0.05FeSb samples under different annealing condition. a, The temperature dependent lattice thermal conductivity (κL). b, The Seebeck coefficient (S). c, The zT value. d, Quality factor near room temperature.
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[bookmark: _Hlk102357735]Fig. S6 The reproducibility of the thermoelectric performance of the Nb0.55Ta0.40Ti0.05FeSb. a, The temperature dependent electrical conductivity (σ). b, Seebeck coefficient (S). c, Power factor (S2σ). d, Total thermal conductivity (κtot). e, zT value.
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Fig. S7 The round robin test of Nb0.55Ta0.40Ti0.05FeSb conducted at Oak Ridge national laboratory. a, The temperature dependent electrical conductivity (σ). b, Seebeck coefficient (S). c, Power factor (S2σ). d, Total thermal conductivity (κtot). e, zT value. 
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Fig. S8 The COP at the maximum cooling density with different zT and ΔT.
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Fig. S9 The thermoelectric properties of YbAl3 sample used in this work. a, The temperature dependent electrical conductivity (σ) and Seebeck coefficient (S). b, Power factor (S2σ). c, Total thermal conductivity (κtot). d, zT value.
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Fig. S10 The cooling properties of the (Bi,Sb)2(Te,Se)3-based and hH-based devices. a, Current dependent COP of (Bi,Sb)2(Te,Se)3-based device. b, Cooling heat flow (Qc) of of (Bi,Sb)2(Te,Se)3-based device. The BiTe materials are p-type Bi0.33Sb1.67Te3 and n-type Bi2Te2.7Se0.3. c, Current dependent COP and Qc of (Bi,Sb)2(Te,Se)3-based device. d, COP dependent Qc of hH-based device. The orange and olive lines indicate the high Qcmax with low COP and high COP with low Qc conditions.
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[bookmark: _Hlk102358089]Fig. S11 The thermoelectric transport properties of (Bi,Sb)2(Te,Se)3-based samples used in this work. a, The temperature dependent electrical conductivity (σ). b, Seebeck coefficient (S). c, Power factor (S2σ). d, Total thermal conductivity (κtot). e, Lattice thermal conductivity (κL). f, zT value. The BiTe materials are p-type Bi0.33Sb1.67Te3 and n-type Bi2Te2.7Se0.3.
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Fig. S12 The calibration of thermal radiation and heat flow measurement. a, The comparison of measured and theoretical heat flow of the dummy device, which is made of two legs of the standard Zr0.44Hf0.44Ti0.12NiSn0.9Sb0.01 materials. b, The temperature dependent thermal radiation and error of this measurement1.
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[bookmark: OLE_LINK2]Fig. S13 The thermoelectric transport properties of Zr0.44Hf0.44Ti0.12NiSn0.9Sb0.01 sample prepared in this work. a, The temperature dependent electrical conductivity (σ) and Seebeck coefficient (S). b, PF. c, total thermal conductivity (κtot). d, zT value.




[image: Chart, line chart, scatter chart

Description automatically generated]
Fig. S14 The contact resistance of YbAl3 n-type leg, measured by a homemade four-probe device.




Table S1 Commercial high cooling power Bi2Te3-based micro-TECs.
	Company
	Model
	Imax (A)
	Vmax (V)
	ΔTmax (K)
	Qcmax (W)
	Height (mm)
	Leg Length (mm)
	Maximum Cooling Density (W cm-2)

	Ferrotec2
	20034/008/009AN
	0.9
	1.2
	65
	0.6
	0.9
	
	14

	Kelk3
	KSGH018
	1.5
	2.2
	76
	1.8
	0.7
	~0.2
	45

	Thermion4
	1TMC04‐072‐03
	5.85
	8.3
	70
	28.6
	1
	0.3
	21.3

	Marlow5
	MT09-0.8A-01AN
	0.8
	1.1
	69
	0.6
	1.05
	
	11






Table S2 The parameters of p-type hH and BiTe materials near room temperature used in this study for high cooling density () consideration.
	Parameters
	p-type Nb0.55Ta0.40Ti0.05FeSb
	p-type Bi0.33Sb1.67Te3

	Tc (K)
	298
	298

	∆T (K)
	5
	5

	z (K-1)
	1.25e-3
	3.6e-3

	PF (μW·cm-1·K-2)
	78
	40

	κ (W·m-1·K-1)
	6.24
	1.09

	l (mm)
	7.7
	7.7




Supplementary Note 1. Numerical analysis of TE device6,7: 
The TE legs are subdivided along the current direction into n elements, assuming that the temperature Ti is constant in each segment. Thus, we will have constant TE properties in each segment, including thermal conductivity κ(Ti), resistivity 𝜌(Ti), and Seebeck S(Ti). The heat flow from the left side into the segment is:
	,	(S.1)
Where Ap is the cross-section area of the leg, dx is the length of the segment, Ti and Ti+1 are the temperature of left and right side of the segment, respectively.
The heat flow from the right side into the segment is:
	,	(S.2)
The joule heat generated by the current is:
	,	(S.3)
The Thomson heat can be calculated as:
	,	(S.4)
The thermal radiation emitted from the segment surface to the environment:
	,	(S.5)
where 𝜀 is the emissivity of the TE material, 𝜎 is the Stefan-Boltzmann constant, Tr is the environment temperature, w is the perimeter of the cross-section area.
The following formula can be derived from energy balance in steady state:
	,	(S.6)
Though solving this finite element problem, we will get the temperature distribution function Ti along the leg, which enable us to obtain the basic parameters and performance of the device. The total heat flow transfer into the legs is:
,		(S.7)
Open circuit voltage of the device:
	,	(S.8)
Dependence of voltage on current:
	,	(S.9)
The output power of the device:
	,	(S.10)
The energy conversion efficiency of device:
	,	(S.11)
The COP of cooling device:
	,	(S.12)


Supplementary Note 2. Grain growth kinetics of hH under Sb pressure-controlled annealing:
Fig. S15 shows the estimated grain growth kinetics and grain size as a function of annealing time under different temperatures for Nb0.55Ta0.40Ti0.05FeSb sample under Sb pressure-controlled annealing condition. As the grain growth is thermally activated, the rate of boundary motion is determined by annealing temperature (T), the activation energy of boundary motion (Qgb), and driving force of grain growth (p). According to the Turnbull expression, the grain-boundary velocity (x) can be given as8:
	,	(S.13)
where n is the normal of grain-boundary segment, and m and m0 are the actual and initial mobility of grain boundary, respectively. The Qgb can be reduced by eliminating any segregations at grain boundaries, for example, removing the Sb-rich phase in this study.
The p is the summation of acting forces for boundary migration:
	,	(S.14)
The pgb is the driving force determined by the surface energy of grain boundaries (γ) with average diameter of grains (D)9, which is the major source of p:
	,	(S.15)
The pp is the retarding force due to the pinning force of the particles at grain boundaries determined by volume fraction (Vp) and diameter of the particles (r). The elimination of Sb-rich phase at 1143 K can significantly reduce the Vp so that the pp is reduced.
	,	(S.16)
The ps is the retarding force from solute drag effect determined by the interaction energy (E) and composition profile (C)10:
	,	(S.17)
where Nv is the number of solute atoms per unit volume. In conventional annealing process, the solute atoms tend to segregate at the grain boundaries and thereby retard the migration of grain boundaries. However, during the Sb pressure-controlled annealing process, the elimination of Sb-rich phase also contributes to the reduction of ps. Overall, the grain growth of sample can be promoted significantly. The estimated m is 0.005, 0.127 and 4.700 cm2 V-1 s, at 1073 K, 1113 K and 1143 K, respectively. And the calculated activation energy Qgb is ~8.2 eV for the hH alloys annealed with Sb-pressure control. Consequently, the estimated grain size of samples annealed at 1073 K, 1113 K and 1143 K for 2 days increased to ~5 μm, 25 μm and 150 μm, respectively, which is generally consistent with the experimental results (Fig. S15). 
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[bookmark: _Ref125980389]Fig. S15 Grain growth kinetics and grain size as a function of annealing time under different temperatures for Nb0.55Ta0.40Ti0.05FeSb sample under Sb pressure-controlled condition. a, Driving force and velocity of grain growth. b, Grain size.

Supplementary Note 3. The COP of cooling device with basic TE parameters：
The COP value of the thermoelectric cooling device is determined by:
	,	(S.18)
where Tc, ΔT, I, S, K and R are the cold-side temperature, temperature difference, current, Seebeck coefficient, thermal conductance and the resistance of TE leg, respectively. Two most typical COPs to evaluate the performance of the TE cooling device are the COP of the maximum cooling density (COPQ) and the COP under zero temperature difference (COP0). The COPQ decreases with increase of ΔT and z value, which is given by:
	,	(S.19)
Theoretically, when ΔT is zero, COPQ is pinned at 0.5 which is obviously independent with thermoelectric properties of material. This why the material with high power factor demonstrated both high and COP in device under low ΔT.
The COP0 is given by:
	,	(S.20)
It is obvious the electrical properties (PF=S2/ρ) are important for the COP0, and the COP0 decreases with increase of applied current. A more comprehensive discussion about COP can be referred to reference [11].
As shown in Fig. S9c,d, high COP and high cooling density are two terminals of cooling device, which means maximum COP and cooling density cannot be achieved simultaneously. We can clearly observe that the COP reaches its peak value with low cooling density, and then decreases with the increase of cooling density (Fig. S9d). For instance, under a high heat load (Qcmax of ~4 W·cm-2), the COP decreases to ~0.5 for both YbAl3-hH measured device and hypothetical hH device; while, under a low heat load (Qcmax of ~0.75 and 0.5 W·cm-2 for hH-YbAl3 measured device and hypothetical hH device, respectively), the COP increases to ~2.5 and 4 for hH-YbAl3 measured device and hypothetical hH device, respectively.
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