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Supplementary Note 1. Cox-Strack method  

The Cox-Strack method was used to measure the out-of-plane electrical conductivity (σ) of 

Bi2Te3-based TE thick films and the electrical contact resistivity (rec) between the thick films 

and electrodes1. Supplementary Figure 5a shows the test structure with the TE thick film 

sandwiched by a bottom electrode and some circular top contact metal pads with diameters (d) 

of 0.2-2 mm. To be consistent with the contact conditions in the as-integrated thick-film μ-

TECs, the surface treatment was performed for the bottom electrode, top contact metal pads, 

and TE thick films. The 5μmNi/200nmAu bilayer was electroplated on the surface of the thick 

Cu films as the bottom electrode and top contact pads, and the 1μmNi/200nmAu bilayer was 

deposited on the entire bottom surface and partial top surface (circular areas with the same size 

as the top contact pads, steel stencil as the mask) of the TE thick film by magnetron sputtering 

after an in-situ plasma cleaning. Subsequently, the bottom surface of TE thick film was soldered 

to the bottom electrode, and the top contact pads were soldered to the corresponding circular 

Ni/Au bilayer of the thick-film top surface. Finally, a Keithley 2400 digital multimeter was 

applied to measure the resistance (R) between the bottom electrode and top contact pads at 

25 ℃. The resistance can be expressed by the Cox-Strack equation: 

 R = !
"#$
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where t is the thickness of the TE thick film, and R0 is the residual resistance other than the TE-

film resistance (first term on the right) and top contact resistance (second term on the right). By 

fitting the d-dependence of measured R with the Cox-Strack equation, the σ and rec can be 

extracted (Supplementary Fig. 5b). For the as-prepared N-type Bi2Te3 thick film with a 

thickness of 100 μm, the σ and rec were determined to be 103164.3 S∙m-1 and 1.047 × 10-10 

Ω∙m2 , respectively. For the as-prepared P-type Sb1.5Bi0.5Te3 thick film with a thickness of 100 

μm, the σ and rec were determined to be 71315.5 S∙m-1 and 1.051 × 10-10 Ω∙m2, respectively. 
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Furthermore, the d-2-dependence of R is plotted in Supplementary Fig. 5c, where the σ is kept 

constant and the influence of rec can be clearly observed. When the rec is varied to deviate from 

1.05 × 10-10 Ω∙m2, the resistance deviates significantly from the measured values. At last, we 

can put the rec in a small range from 5.0 × 10-11 to 5.0 × 10-10 Ω∙m2, demonstrating the reliability 

of the fitting results shown in Supplementary Fig. 5b. 
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Supplementary Note 2. Optimization of thermoelectric leg height and device fill factor 

In order to achieve excellent comprehensive cooling performance for the micro-thermoelectric 

coolers (μ-TECs), a simplified one-dimensional model was performed to optimize the 

thermoelectric (TE) leg height and device filling factor. Supplementary Figure 6a presents a 

TEC device containing a pair of TE legs. The Bi2Te3 and Bi0.5Sb1.5Te3 prepared by the powder 

direct molding method were used as the N-type and P-type TE materials for TEC, respectively. 

We adopted the out-of-plane TE properties for simulation calculations, assuming that the 

material properties are temperature-independent. The Seebeck coefficient, thermal conductivity, 

and electrical conductivity were measured using the portable Seebeck tester, laser flash method, 

and Cox-Strack method (Supplementary Fig. 5 and Note 1), respectively. All the material 

parameters are shown in Supplementary Table 2. It is assumed that the TEC operates in an 

adiabatic environment of 25 ℃ with an ideal heat dissipation of hot side. Based on the 

simplified one-dimensional model, the TEC can be equivalent to simple thermal and electrical 

circuits, as shown in Supplementary Fig. 6b,c. Then, the heat flows induced by the Peltier effect 

and temperature differences inside the TEC can be expressed as: 
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Here, Rts, Rtc, and Rtl are the thermal resistance of substrates, thermal contact resistance between 

the electrodes and TE legs, and thermal resistance of TE legs, respectively. The thermal 

resistance of electrodes and thermal contact resistance between the substrates and electrodes 

are neglected. Qcs and Qhs are the heat flows through Rts, Qcc and Qhc are the heat flows through 

Rtc, Qcl is the heat flow out of the cold side of TE legs, and Qhl is the heat flow into the hot side 

of TE legs. Tc and Th are the cold-side and hot-side temperatures of device, Tcs and Ths are the 

ceramic-side temperatures of interface contact sections, Tcl and Thl the cold-side and hot-side 

temperatures of TE legs. I, S, and R are the input current, total Seebeck coefficient of TE legs, 

and total electrical resistance of device, respectively. Some parameters can be further expressed 

as: 
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Here, Sn, σn, κn, An, and Ren (Sp, σp, κp, Ap, and Rep) are the Seebeck coefficient, electrical 

conductivity, thermal conductivity, cross-sectional area, and resistance of the N-type (P-type) 

TE leg, respectively. An is assumed to be equal to Ap. Ree and Rec are the electrode resistance 

and the electrical contact resistance between the electrodes and TE legs, respectively. Hs, κs, 

and As are the thickness, thermal conductivity, and surface area of the substrates, respectively. 

rtc and rec are the thermal and electrical contact resistivity between the electrodes and TE legs, 

respectively. H and f are the TE leg height and device filling factor, respectively. When the 

TEC operates under the steady-state thermal equilibrium condition, there are Qc = Qcs = Qcc = 
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Qcl and Qhl = Qhc = Qhs, where Qc is the heat load at the device cold side. Therefore, the I-

dependent cooling temperature difference (ΔT = Th - Tc) at Qc = 0 and the I-dependent cooling 

power density (qc = Qc/As) at ΔT = 0 can be solved.  

First, the influence of H on the cooling performance was studied with f fixed at 64%. 

Supplementary Figure 8a-d plots the I-dependence of ΔT and qc at different H, where all 

electrical and thermal contact resistances are neglected or the reasonable rec of 1.0 × 10-10 Ω∙m2 

and rtc of 2 × 10-6 m2·K·W-1 are assumed. The H-dependent maximum cooling temperature 

difference (ΔTmax) and power density (qcmax) can be extracted from Supplementary Fig. 8a-d, 

as shown in Supplementary Fig. 8e,f. It can be seen that when the contact resistances are ignored, 

qcmax increases monotonically as H decreases, whereas ΔTmax rapidly decays when H is less than 

50 μm due to the existence of electrode resistance and substrate thermal resistance. When 

considering the actual case when the contact resistances inevitably exist, both ΔTmax and qcmax 

decrease overall. Moreover, qcmax shows a non-monotonic H-dependence with a peak appearing 

at H ≈ 20 μm, and ΔTmax exhibits a rapid decay earlier when H decreases below 100 μm. 

Therefore, it is very important to choose an appropriate thickness (~ 100 μm) of TE thick films 

to achieve a comprehensive cooling performance with large ΔTmax and qcmax. Next, H was 

assumed to be 100 μm, and the influence of f on the cooling performance was calculated with 

the contact resistances considered (Supplementary Fig. 9). ΔTmax is only slightly affected by f, 

whereas qcmax increases significantly as f. This indicates that achieving the highest possible 

filling factor is an effective way to improve the cooling performance of TECs. It is noteworthy 

that ΔTmax shows a weak non-monotonic dependence on f. This interesting result can be 

understood by analyzing the effect of electrode resistance and substrate thermal resistance on 

the ΔTmax-f dependence (the inset in Supplementary Fig. 9). As the device filling factor 

increases, an increase in the parasitic thermal resistance (due to the reduction in substrate size) 
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suppresses ΔTmax, while a decrease in the parasitic electrical resistance (attributable to the 

reduction in electrode size) enhances ΔTmax. Consequently, the competition between the two 

effects leads to the non-monotonic dependence of ΔTmax on f.  In this study, we proposed a 

novel phase-change batch transfer strategy to integrate thick film μ-TECs with high filling 

factor. 
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Supplementary Figure 1. Comparison of Bi2Te3 thermoelectric (TE) thick films obtained 

under different annealing conditions (unannealed, traditional Ar annealing in a tube 

furnace, and VS-A) on the room-temperature Seebeck coefficient (S) and electrical 

conductivity (σ). 
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Supplementary Figure 2. TE properties of Bi2Te3 thick films prepared by traditional Ar 

annealing at different annealing temperatures (360, 400, 440, and 450 ℃) and times (70, 

90, and 110 min). a Electrical conductivity (σ). b Seebeck coefficient (S). c Power factor (PF).  
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Supplementary Figure 3. SEM images of the surface and cross-sectional microstructure 

of Bi2Te3 thick films prepared by the powder direct molding method at different annealing 

temperatures (360, 400, 440, and 450 ℃) and times (70, 90, and 110 min). 
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Supplementary Figure 4. Temperature-dependent electronic thermal properties of Bi2Te3 

thick films prepared under different annealing conditions. a Lorenz Coefficient (L). b 

Electronic thermal conductivity (κe). The L and κe are calculated from the measured electrical 

conductivity and Seebeck coefficient. Data shown are mean +/- S.E.M. of three independent 

measurements (n = 3). 
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Supplementary Figure 5. Measurements of the out-of-plane electrical conductivity (σ) of 

Bi2Te3-based TE thick films and the electrical contact resistivity (rec) between the thick 

films and electrodes using the Cox-Strack method. a Schematic illustration of the test 

structure in the Cox-Strack method. b Measured resistance (black dots) between the bottom 

electrode and top contact pad as a function of pad diameter (d). The σ and rec for the N-type and 

P-type TE thick films are extracted from the fitting (red curve) of the Cox-Strack equation. c 

Resistance as a function of the inverse square pad diameter (d-2). The light blue background 

indicates the impact of rec on the resistance. Data shown are mean +/- S.E.M. of three 

independent measurements (n = 3). 
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Supplementary Figure 6. Simplified one-dimensional model of the thermoelectric cooler 

(TEC). a Schematic illustration of a TEC containing a pair of TE legs. b One-dimensional 

equivalent thermal circuit of the TEC. c One-dimensional equivalent electrical circuit of the 

TEC.  
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Supplementary Figure 7. Comparison between the one-dimensional model and finite 

element method (FEM) simulations under the conditions with a hot-side temperature of 

25 ℃, a leg height of 100 μm, and a device filling factor of 64%. a. Cooling temperature 

difference (ΔT) as a function of current. b. Cooling power density (qc) as a function of current. 
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Supplementary Figure 8. Influence of TE leg height (H) on the cooling performance of the 

TEC under the conditions with a hot-side temperature of 25 ℃ and a device filling factor 

of 64%. a, b Cooling temperature difference (ΔT) and power density (qc) as functions of current 

(I) at different H, while neglecting all electrical and thermal contact resistances. c, d ΔT and qc 

as functions of I at different H, assuming a reasonable electrical contact resistivity (rec = 1.0 × 

10-10 Ω∙m2) and thermal contact resistivity (rtc = 2 × 10-6 m2∙K∙W-1) at the interface between the 

TE legs and electrodes. e, f Maximum cooling temperature difference (ΔTmax) and power 

density (qcmax) extracted from a-d as functions of H. The conditions with or without contact 

resistances are compared.    
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Supplementary Figure 9. Influence of device filling factor (f) on the cooling performance 

of the TEC under the conditions with a hot-side temperature of 25 ℃ and a leg height of 

100 μm. a, b Cooling temperature difference (ΔT) and power density (qc) as functions of current 

(I) at different f, assuming a reasonable electrical contact resistivity (rec = 1.0 × 10-10 Ω∙m2) and 

thermal contact resistivity (rtc = 2 × 10-6 m2·K∙W-1) at the interface between the TE legs and 

electrodes. c Extracted maximum cooling temperature difference (ΔTmax) as a function of f.  The 

inset shows the effect of electrode resistance and substrate thermal resistance on the ΔTmax-f 

dependence. The red dot line takes into account the realistic electrode conductivity (σee) and 

substrate thermal condutivity (κs). The orange dot line neglects the electrode resistance (σee=∞). 

The blue dot line neglects the substrate thermal resistance (κs =∞). d Extracted maximum 

cooling power density (qcmax) as a function of f. 
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Supplementary Figure 10. Optical images illustrating the high-density phase-change 

batch transfer process of micro-components (TE legs with a size of 200 × 200 μm2). First, 

50 μm thick Cu on an aluminum nitride (AlN) substrate is etched to form a stamp with Cu 

convex points (a size of 50 × 50 μm2). After coating the phase change material on convex points, 

the stamp is used to pickup P-type or N-type TE legs. Finally, by aligning and then alternately 

releasing the P-type and N-type TE legs on a receiving substrate, a high-density leg array can 

be formed. The rosin is chosen as the phase change material. The scale bar in the figure 

represents a length of 500 μm. 
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Supplementary Figure 11. Surface-metallized TE thick film. a Digital photo of a Bi2Te3 

thick film with 1μmNi/200nmAu bilayer deposited on both sides. b SEM image of the sample 

cross-section. c-e Spatial distribution of different elements (Au, Ni, and Te) in the SEM image 

of b. There is no obvious element diffusion between the Au, Ni, and TE layers.  
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Supplementary Figure 12. Femtosecond laser cutting of the surface-metallized TE thick 

films. The thick films are cut into TE legs with a dimension of 200 × 200 μm2, and the gap 

between adjacent TE legs is less than 50 μm due to the high laser processing precision. 
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Supplementary Figure 13. Optical images illustrating the integration process of multiple 

μ-TECs on a single substrate at once. First, according to the electrode positions where TE 

legs need to be welded, a corresponding stamp with Cu convex points (a size of 50 × 50 μm2) 

is prepared on an AlN substrate. After coating rosin on the convex points, P-type and N-type 

TE legs are picked up and alternately transferred to the PDMS substrate, followed by soldering 

with upper and lower electrodes. The scale bar in the figure represents a length of 2 mm.  
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Supplementary Figure 14. FEM-simulated cooling performance of as-integrated thick-

film μ-TECs with a size of 2.5 × 2.5 mm2 as a function of current at various cooling 

temperature differences across the device. a Cooling power density (qc). b Performance 

coefficient (COP). 
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Supplementary Figure 15. Precise control of cold-side temperature (Tc) of the as-

integrated thick-film μ-TECs over a wide temperature range from 0 ℃ to 20 ℃. When 

the temperature is adjusted every 20 seconds in a step of 0.01 K, clear discernible temperature 

changes can be observed. 
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Supplementary Figure 16. Open-circuit voltage (Voc) and maximum output power (Pmax) 

as functions of the temperature difference (ΔT) applied between the cold side and hot side 

of the as-integrated thick-film μ-TEC. The Voc and Pmax exhibit linear and parabolic 

dependencies, respectively, with respect to the temperature difference, which is consistent with 

the theoretical predictions. The dashed lines are the linear and parabolic fittings. 
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Supplementary Table 1. Atomic percentage of Te and Bi contents in Bi2Te3 thick films 

prepared at different annealing temperatures (360, 400, 440, and 450 ℃) and times (70, 

90, and 110 min), characterized by the energy-dispersive X-ray spectroscopy. 

Sample 
Atomic percentage (%) 

Te: Bi ratios 
Te Bi 

360-90 59.84 40.16 2.98:2 

400-90 59.27 40.73 2.91:2 

440-70 59.01 40.99 2.88:2 

440-90 58.76 41.24 2.85:2 

440-110 58.25 41.75 2.79:2 

450-90 57.71 42.29 2.73:2 
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Supplementary Table 2. Material (TE legs, electrodes, and subtrates) parameters used for 

the theoretical simulation of the cooling performance of TECs. 

Material σ 
(S∙m-1) 

κ 
(W∙m-1∙K-1) 

S 
(μV∙K-1) 

PF 
(μW∙cm-1∙K-2) ZT Size 

(μm2) 
Thickness 

(μm) 

N-type legs 103164.3 1.232 -173.40 31.02 0.75 200×200 - 

P-type legs 71315.5 1.310 212.15 32.10 0.73 200×200 - 

Electrodes 3×107 400 - - - - 30 

Substrates - 170 - - - - 200 
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Supplementary Table 3. Comparison of the as-integrated thick-film μ-TECs and reported 

polycrystalline Bi2Te3-based TE devices on maximum normalized voltage density and 

normalized power density, where the μ-TECs serve as a power generator2-21. 

 
 

TE-leg height 
(μm) 

Device 
area 

(mm2) 

ΔT 
(K) 

Voc 
(mV) 

PD  
(μW) 

Normalized 
voltage density 
(mV∙cm-2∙K-1) 

Normalized 
power density 
(μW∙cm-2∙K-2) 

This 
work 100 6.25 70 974 65530 222.6 214.0 

2 2000 231.88 380 290 60000 0.329 0.179 

3 1600 1600 65 990 20500 0.95 0.303 

4 3000 420 170 290 189000 0.395 1.39 

5 1000 1330 105 5000 2101 3.58 14.3 

6 1000 100 150 2400 185 16 8.22 

7 500 300 50 90 11.4 0.6 1.52 

8 650 1600 25.6 693 101 1.69 9.64 

9 1000 50 14 8 1.2 1.14 11.7 

10 135 96.04 38.6 220 2338 3 1.6338 

11 200 84.64 21 34 3.3856 1 0.009 

12 650 1600 25 500 78100 1 7.648 

13 3 400 62.8 2600 1200 10.35 0.076 

14 0.007 25 16 3.2 0.0013 94.6 0.0046 

15 9 32.5 29.9 634 4660 65.2 16 

16 10 28.6 39.7 320 1100 14 2.44 

17 10 32.5 52.5 410 2990 12 3.338 

18 100 300 1.5 3.69 0.2025 0.82 30 

19 70 0.68 5 0.0065 0.6 17.6 38 

20 20 25 22.3 294 5.9 0.026 0.04745 

21 35 25 10 2300 2800 460 112 
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