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Abstract

:

Wearable sensors to monitor vital health are becoming increasingly popular both in our daily lives and in medical diagnostics. The human body being a huge source of thermal energy makes it interesting to harvest this energy to power such wearables. Thermoelectric devices are capable of converting the abundantly available body heat into useful electrical energy using the Seebeck effect. However, high thermal resistance between the skin and the device leads to low-temperature gradients (2–10 K), making it difficult to generate useful power by this device. This study focuses on the design optimization of the micro-thermoelectric generator for such low-temperature applications and investigates the role of structural geometries in enhancing the overall power output. Electroplated p-type bismuth antimony telluride (BiSbTe) and n-type copper telluride (CuTe) materials’ properties are used in this study. All the simulations and design optimizations were completed following microfabrication constraints along with realistic temperature gradient scenarios. A series of structural optimizations were performed including the thermoelectric pillar geometries, interconnect contact material layers and fill factor of the overall device. The optimized structural design of the micro-thermoelectric device footprint of 4.5 × 3.5 mm2, with 240 thermoelectric leg pairs, showcased a maximum power output of 0.796 mW and 3.18 mW when subjected to the low-temperature gradient of 5 K and 10 K, respectively. These output power values have high potential to pave the way of realizing future wearable devices.
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1. Introduction


Monitoring health has always been paramount for humanity. The current demand on the wearable health electronics showcases the growing interest and need for portable and energy-efficient biomedical devices that have a range of sensors [1,2]. Chemical batteries are the most common power source for these wearable sensors and devices. With a limited amount of stored energy, the battery needs to be replenished every time after draining the energy, which usually involves detaching the device from the body [3]. A lot of research has been reported on improving the energy densities of the batteries [4,5,6,7].



However, despite these advances, batteries are hardly able to meet the present requirements, especially for applications requiring continuous operation and reliability in wearable sensors. The human body is a powerhouse, where the body continuously emits heat energy generated through metabolic functions into the ambient atmosphere and only varies depending on physical activity [8,9,10,11].



This ever-present thermal energy of the body can be converted into useful electricity using the thermoelectric generator (TEG) and act as a power source for the wearable devices without a battery. Thermoelectric devices are solid-state device that convert heat into electricity. When a TEG is attached to the human body, the body heat flows through the TEG to the ambient atmosphere, creating a temperature gradient across the device. Depending on the Seebeck effect of the constituent materials (p- and n-type thermoelectric materials) of the device, power is generated proportional to the temperature gradient [12,13].



The TEG for human body applications adapted previously are either large and rigid TEG’s or the recently developed macro-sized flexible TEGs [14,15,16,17]. The rigid TEGs suffer from making proper thermal contact because of the curved structure of human body, leading to higher thermal resistance and degraded TEG performance. The rigid and bulky nature of these macro-devices makes them impractical for wearable application. On the other hand, flexible TEGs can be conformally wrapped on the body, which lowers the thermal resistance, but they still suffer to achieve high power outputs because of the lack of high-efficiency flexible thermoelectric materials [18]. Micro-TEGs can play a major role in these kinds of applications, because of their small dimension, low weight, high integration and low thermoelectric material usage [19,20,21,22,23,24,25,26,27,28,29]. The small footprint and light weight of these micro-devices makes them insusceptible to body contours and allow them to establish intimate thermal contact with minimal thermal resistance.



The performance and efficiency of a thermoelectric device mainly depends on two aspects: namely, the thermoelectric material efficiency and the design optimization of the device. The efficiency of thermoelectric materials is determined by the figure of merit, ZT = α2σT/κ, where α is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute temperature and κ is the thermal conductivity of the material. For a material to have a better ZT, it is required to have high electrical conductivity along with a high Seebeck coefficient and low thermal conductivity [12]. The other aspect of the device performance is the device design, which also plays a significant role in extracting the maximum possible power for a given scenario. This design is associated with various design parameters of the device to enhance the power output as well as the efficiency of the energy conversion.



Geometrical parameters’ impact on the device performance on macro- and micro-thermoelectric devices have been investigated and reported in the literature [30,31,32,33]. However, the impact of various vital structural aspects of the device design using realistic material properties, and the keeping fabrication constraints of the device to enhance the device performance, are still missing. The majority of the work has been carried out in optimizing the various features for macro-devices. Particularly, the design optimization of the micro-thermoelectric devices for power generation applications for the low-temperature gradient scenario has not been explored.



This paper investigates the design optimization of the micro-thermoelectric device for power generation and efficiency from a single-leg pair to a complete device. The primary focus is on the geometrical optimization, which was analyzed by varying different design parameters. In this endeavor, all the simulations were carried out using real materials’ properties near room temperature and developed by electrodeposition techniques and are reported in our previous works [34,35]. Electrodeposited p-type BiSbTe and n-type CuTe materials were used for the device performance evaluation with gold as the interconnect material. The five main parameters including the shape, height, interconnect material thickness, choice of filler material and the cross-sectional area of the single-leg pair were optimized and are discussed in detail. On the basis of the simulation results of the single-leg pair, a complete micro-TEG was designed and evaluated for human wearable applications. Our modeling and simulation results should provide a thorough understanding of the design of the micro-TEG with the smallest footprint, which could be an ideal power source for on-body applications, specifically for low-temperature gradient scenarios, which have not been discussed much in the literature.




2. Simulation Approach


The impact of leg geometry and structure were analyzed and optimized for the highest electrical power output and efficiency of the micro-thermoelectric generator by the finite element method (FEM) using COMSOL Multiphysics.



The thermoelectric effect results from three primary effects: the Seebeck effect, the Peltier effect and the Thomson effect. The three-dimensional governing equations that relate the thermal and electrical current density along with the three basic thermoelectric effects are given by [36]:


  ∇ ⋅   ĸ   ∇ T   +    J 2   σ  − T   J   ·         ∂ α   ∂ T     ∇ T +   ∇   α   T      



(1)






∇. J = 0



(2)




where ĸ is the thermal conductivity, σ is the electrical conductivity, α is the Seebeck coefficient of the thermoelectric materials and T is the absolute temperature. The current density vector (J) and heat flux vector (q) for the TEG module in three dimensions can be calculated using Equations 3 and 4, where V is the electrostatic potential:


J = −σ (∇ V + α∇ T)



(3)






q = αT J − ĸ∇ T



(4)







When a temperature gradient between the hot and cold side of the TEG module exists, the output power of the TEG is [37]:


  P =  I 2  ·  R L  =        α  p n   ⋅    T h  −  T c       R  T E G   +  R L       2  .    R L   



(5)




where    T h    and    T c    are the hot and cold surface temperature of the TEG, respectively,    α  p n     is the relative Seebeck coefficient of the p-type and n-type semiconductors (   α  p n   =  α p  −  α n  )   and    R  T E G     and    R L    are the internal resistance of the TEG and load resistance, respectively.



The total internal resistance of the TEG is given as:


   R  T E G   =  R p  +  R n  +  R  A u   + 4  R  C o n t a c t    



(6)




where    R p    is the resistance of the p-type semiconductor,    R n    is the resistance of the n-type semiconductor,    R  A u     is the interconnect (gold) resistance and    R  C o n t a c t     is the contact resistance between the gold interconnect and thermoelectric legs. When the load resistance is equal to the internal resistance of the TEG, the maximum output power is attained and given by the equation below:


  P =   Δ  T 2  .    α  p n  2    4  R L     



(7)







The thermoelectric materials used in modeling were electrochemically deposited CuTe (n-type) and BiSbTe (p-type). The top and bottom contact materials were chosen as Au, and the substrate was selected as Si/SiO2. The thermoelectric materials properties used in the simulation are shown in Table 1.



To create a temperature gradient of 5 K, the upper surface of the top interconnect material was fixed at 305 K, while the bottom substrate temperature was fixed at 300 K. Except for the top and the bottom surfaces of the device, the rest of the surfaces were assumed to be thermally isolated. Thermal resistance between the TEG and heat source was not taken into consideration for the simplicity of the design. Electrical resistance between the thermoelectric legs and interconnecting materials for both the top and bottom interfaces was taken as    R  C o n t a c t     = 1 × 10−11 Ωm2 [38]. The TEG module’s schematic diagram composed of one TE leg pair with an external load is shown in Figure 1.




3. Results and Discussions


3.1. Shape of the Pillars


The shape of the pillars plays a vital role in device performance and in reducing the complexity of microfabrication. Square, rectangle, circular and trapezoidal pillar shapes have been fabricated with a different footprint area of the pillars and reported [32,33]. However, three different types of pillar shapes, namely, square, hexagonal and circular, were studied/simulated to optimize the device output power, as shown in Figure 2a. Keeping the cross-sectional area of the pillars constant does not have any influence on the output power obtained for the device when subjected to a constant temperature gradient because of the equal electrical resistance of each leg pair, as shown in Figure 2b. However, for a fixed effective area of a device, the equal cross-sectional area for different shapes has a considerable significance on the number of pillars that can be accommodated in that device. In order to evaluate the effect of the pillar shape on the device with the equal number of TEG leg pairs, the cross-sectional areas of the different shapes were adjusted accordingly. The power output of a single-TEG leg pair with different shapes was evaluated when subjected to a temperature gradient of 5 K, and the obtained corresponding power outputs for varied load resistance are shown in Figure 2c. The maximum output power of the individual leg pair with a different shape of the cross-section was achieved when the corresponding internal resistance of the leg pairs was equated to the load resistance applied (   R  T E G      =     R L   ). Figure 2c shows that the maximum output power achieved by the square-shaped pillar was 2.32 mW, which was 18.37% and 7.41% higher compared to the circular- and hexagonal-shaped pillars, respectively. The subjected temperature gradient and the electric potential distribution of the square-shaped pillars are shown the Figure 3. The voltage achieved at the maximum power point per single-leg pair when subjected to the temperature gradient of 5 K was 0.74 mV. Therefore, for further design optimization of the device, square-shaped pillars should be considered.




3.2. Height of the Pillars


The height of the pillars has a direct role in the electrical resistance and thermal conductance of the device and also has significant importance in the fabrication of the actual device. Devices with different TE pillar heights, ranging from 5 µm to a few hundred µm have been fabricated using micro-fabrication techniques [20,22,25,39,40]. Determination of the TE pillar height is essential for achieving high power outputs, while keeping minimal material usage. In order to determine the ideal height for the device, the micro pillars’ height was varied from 1 µm to 50 µm and was subjected to a temperature gradient of 5 K. The electrical resistance of the legs was evaluated by R = ρL/A, where ρ is the resistivity of the material, L is the length of the pillar and A is the area of the cross-section of the pillar. An increase in the height of the pillar increased the overall electrical resistance of the TEG and decreased the device’s output power. However, the pillar’s lower height tended to exhibit higher thermal conductance, making it difficult to maintain the temperature gradient across the device. The effect of increasing height of the pillar on the electrical resistance and the thermal conductance is shown in Figure 4a. The output voltage developed across the leg pair is also plotted in Figure 4a as a function of the height. The voltage across the leg pairs steadily increased initially with the increase in the leg height and then stabilized upon reaching a height of 10 µm. A similar effect (but decreasing trend) on the thermal conductance can be observed. It is crucial for a TEG device to attain a low thermal conductance to maintain a steady temperature gradient, with a simultaneous decently low electrical resistance of the device. Beyond the 10 µm pillar height, changes in the output voltage and the thermal conductance stayed at a minimum. The output power generated with different pillars height is shown in Figure 4b. A peak output power of 3.96 µW at a height of 3 µm was achieved. However, at this height, the thermal conductance was 0.001 W/K which was 3.33 times higher compared to the conductance for 10 µm pillar height. So, it is difficult to maintain a reasonable temperature gradient for such a small height without any active heat removal strategy. Thereby, the 10 µm pillar height with our reported material properties seems suitable for the desired human body application without compromising much on the device’s output power.




3.3. Interconnect Material Thickness


Gold (Au) is the most common interconnect material in micro-TEG devices with excellent electrical and thermal properties. Figure 5 show the influence of the Au thickness on output power and total device resistance (   R  T E G    ). As expected, the resistance of the device decreases rapidly as the thickness of Au increases, which also increases the output power of the device. When the thickness of the Au interconnect increased beyond 5 µm, the output power improvement became insignificant as the resistance of Au and the total device resistance did not reduce much. Considering the cost of the gold, a 3 µm thickness seems a reasonable compromise for the fabrication of micro-TEG.




3.4. Effect of Filler Material


The filler material is usually a non-sacrificial layer during the device fabrication or an intentionally added material for providing structural and mechanical support to the pillars and top interconnect. It is in physical contact to the thermoelectric pillars along with the top and bottom interconnects, which are the hot and cold sides of the device. So, the thermal properties of this material become critically important, as materials with higher thermal conductivity may develop a thermal shunt and reduce the temperature gradient across the device. Figure 6a shows the schematic of thermoelectric leg pair with the filler material. In order to understand the effect of this material on the device performance, five different materials with thermal conductivities ranging from 0.0001 to 1.38 W/mK were investigated [41]. As expected, the single-leg pair’s output power decreased with an increase in the filler materials’ thermal conductivity (Figure 6b).



The highest power output can be achieved by subjecting the device under vacuum, as it has the least thermal conductivity (almost no thermal shunt), but this increases the device packaging cost. Among polyimide, SU-8 photoresist and SiO2, SiO2 showed the lowest power output for the device because of it had the highest thermal conductivity. On the other hand, a device with air as the filler material exhibited 60% higher power output than SiO2 and only 1% less power than the vacuum, making it a preferred choice for the thermoelectric micro-device. Temperature and potential distribution for SiO2 filler materials are shown in Figure 6c and d. It can be observed that keeping the thermal conductivity of the filler materials low as compared to thermoelectric materials is desirable to minimize the predominant heat loss through the filler materials.




3.5. Effect of Ap/An Ratio of the Pillars


The electrical conductivity of the p-type material was 4 times less compared to the n-type material (see Table 1). So, the ratio of the cross-sectional area of the p- and n-type pillars (Ap/An) should be optimized to maximize the performance of the TEG device. The efficiency of the TEG is obtained by:


  η =    P  o u t      Q  i n      



(8)




where, Pout is power output, Qin is the heat flux subjected to the hot side of the device and is given by Equation (9) [31]:


   Q  i n   = α    T h    I + K   (  T h  −  T c  ) − 0.5    I 2     R  T E G    



(9)




where, I is the circuit current and K is the thermal conductance.



In optimizing the device performance using Ap/An ratio, the cross-sectional area of the n-type leg was kept fixed and the area of the p-type leg was varied, as shown in Figure 7a. Eight different combinations of Ap/An ratios ranging from 0.5 to 4 were modeled, and the results are plotted in Figure 7b,c. With the increase in the cross-sectional area of the p-type leg, the electrical resistance decreased, but the thermal conductance through the device increased (Figure 7b). When the cross-sectional area of the p-type leg was decreased (Ap/An = 0.5), an increased electrical resistance was observed with low thermal conductance of the device. At Ap/An = 4, the electrical resistance was the lowest, which led to the highest output power, but in reality, a much larger cross-sectional area of the p-type leg may not achieve sufficient efficiency because ΔT across the device would be too small because of the high thermal conductance. It is therefore, critically important to balance the cross-sectional area of the legs to obtain a high power output with good efficiency [42].



As the Ap/An ratio increased, the power of single-leg pair TEG increased gradually (Figure 7c); however, the efficiency increased up to 0.131% and then decreased drastically because of the continued increase in the thermal conductance. The output power reached from 1.1 to 4.78 µW, but the efficiency fell by 17.5%




3.6. Module Optimization


The initial study on single-leg pairs helped in optimizing the geometry of thermoelectric pillars for optimum power output and efficiency, which has been applied in designing and simulating a micro-TEG device with a large number of pillars. For the module optimization, a fixed device area of 3.5 × 4.5 mm2 was defined considering the human body application. In this study, the optimized shape, height, thickness of the interconnect material, filler material and the cross-sectional area of each TE legs obtained from the earlier sections were implemented and are shown in Figure 8.



Other geometrical changes (e.g., change of height) have a minimal effect on accommodating the pillars on a fixed area, except the Ap/An ratio of the pillars. The number of TE pillars that can be accommodated while keeping the micro-fabrication design rules in consideration directly impacts the overall device output. Figure 9 showcases the number of leg pairs on a fixed area device at different Ap/An ratios. It is not surprising that a larger Ap/An ratio led to minimizing the number of TE leg pairs in a device when the gap between these pillars was constant.



In order to understand and evaluate the device performance, two different Ap/An ratios were mainly considered. The device with a fixed footprint of 3.5×4.5 mm2 constituted 312 TE leg pairs with Ap/An = 1 and 240 leg pairs with Ap/An = 2. The output power for both the devices at the 5 K temperature gradient was plotted against varying load resistance, as shown in Figure 10a. The maximum output power was obtained at    R L   =    R  T E G     for the individual device.



The effect of both the ratios on the device’s output power was also evaluated at different temperature gradients varying from 2 to 10 K, as shown in Figure 10b. At low-temperature gradients, both the ratios led to similar power outputs. However, with an increased temperature gradient across the device, the Ap/An = 2 led to higher power outputs compared to the Ap/An = 1, although the device with a higher ratio constituted a lesser number of TE pairs. This can be explained from the decreasing overall resistance of the device by increasing the p-type thermoelectric leg’s cross-sectional area, which has a lower electrical conductivity compared to the n-type material. This decrease in the resistance of the device and partial increase of the efficiency led to the higher power output of the device with higher Ap/An ratios compared to the equal area pillars. There was an increasing difference of output power of the devices with increasing temperature gradient. This is due to the fact that the device with a higher ratio had a reduced number of leg pairs, resulting in reduced heat-flow channels, and leading to maintaining larger temperature gradients across the thermoelectric pillars compared to the device with a higher number of TE leg pairs. The optimized device design with an Ap/An ratio 1 delivered a power output of 2.72 mW and the device with an Ap/An ratio 2 led to a power output of 3.18 mW for the 10 K temperature gradient across the device. These power outputs are promising and could power and self-sustain the wearable biomedical system with optimized power management circuits. The power outputs obtained by simulations of the device with the existing TE properties of the materials, while keeping the micro-fabrication process simple, showcase the potential of micro-thermoelectric devices for human wearable applications.





4. Conclusions


We studied and optimized the design of a Si-based micro-thermoelectric generators for wearable applications by three-dimensional model using COMSOL Multiphysics. We can summarize the outcome of this study as follows:




	(1)

	
The output power of the square-shaped leg pair was higher than the circular- and hexagon-shaped pillars for a fixed projected area because of its lower electrical resistance compared to others;




	(2)

	
The increase in leg height led to a decrease in the output power due to the increase in electrical resistance;




	(3)

	
The height of the top and bottom interconnect material was optimized by keeping the fabrication cost constrained;




	(4)

	
The filler material between the legs with higher thermal conductivity led to a decrease in the device’s output power due to thermal shunt;




	(5)

	
The cross-sectional area of the legs greatly impacted the output power and efficiency of the device. The area of the legs determines the overall thermal conductance and the electrical resistance, and managing both helps in enhancing the overall power output of the device;




	(6)

	
The optimized geometrical parameters were applied, and the effect on the overall device was evaluated. The device with an Ap/An ratio 2 outperformed the device with an equal leg cross-section, both in efficiency and power output. Such a device achieved an output power of 0.796 mW and 3.18 mW at the temperature gradients of 5 K and 10 K, respectively.









In the last decades, there has been some good progress in the development of µ-TEGs for low-temperature applications. For example, Bottner et al. [23] fabricated a TEG with 12 thermocouples and measured a maximum power density of 0.059 mW/cm2 at 5 K temperature gradient. In another work, a TEG device was demonstrated with a power density of 1 mW/cm2 at a ΔT of 10 K [22]. A TEG device with 1100 thermocouples has also been reported, which delivered a maximum power density of 7.26 mW/cm2 at a temperature gradient of 7.3 K [25]. In our simulations, we optimized our device with 240 thermocouples and obtained a maximum power density of 9.09, 17.82 and 36.34 mW/cm2 at the temperature gradients of 5, 7 and 10 K, respectively, which is significantly higher than the reported works in the literature.



Thereby, it may be concluded that with standard micro-fabrication techniques, this designed micro-thermoelectric generator can be fabricated. These micro-TEGs should be able to enhance the battery life of wearable and biomedical systems by converting body heat into usable electricity to recharge the battery or even replace the battery entirely for low power applications.
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Figure 1. Schematic of single‒leg pair TEG. 
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Figure 2. (a) Single‒leg pair TEGs with different shapes of the pillars; (b) output power when the cross‒sectional area of different pillar shapes are constant, and (c) output power vs. load resistance for different pillar shapes at 5 K temperature gradient with varied cross‒sectional areas (keeping the effective area of the device constant). 
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Figure 3. (a) Temperature distribution of square‒shaped leg pair TEG; (b) potential distribution across the device in square‒shaped leg pair TEG. 
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Figure 4. (a) Electrical resistance, output voltage and thermal conductance vs. pillars’ height at 5 K temperature gradient; (b) power output as a function of pillars’ height at 5 K temperature gradient. 
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Figure 5. Electrical resistance and output power as a function of interconnect material thickness at 5 K temperature gradient. 
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Figure 6. (a) Schematic of a single‒leg pair TEG with SiO2 as filler material; (b) power output of single‒leg pair TEG with different filler materials; (c) temperature; and (d) potential distribution of single‒leg pair TEG with SiO2 as filler material. 
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Figure 7. (a) Schematic of single‒leg pair TEG with a different cross‒sectional area of p‒ and n‒type legs; (b) electrical resistance and thermal conductance of single‒leg pair as a function of Ap/An ratio; (c) power output and efficiency of single‒leg pair for different Ap/An ratio. 
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Figure 8. Schematic diagram of optimized devices. 
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Figure 9. Numbers of leg pairs for each Ap/An ratio devices. 
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Figure 10. (a) Output power vs. load resistance for Ap/An = 1 and Ap/An = 2 devices at 5 K temperature gradient. (b) Power output for Ap/An = 1 and Ap/An = 2 devices at different temperature gradients. 
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Table 1. Thermoelectric material properties measured at 300 K used for the simulations.
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	Materials
	Electrical Conductivity

(Sm−1)
	Seebeck Coefficient

(µVK−1)
	Thermal Conductivity

(Wm−1K−1)
	Reference





	CuTe (n-type)
	  10.9 ×  104
	−227.0
	0.6
	[35]



	BiSbTe (p-type)
	  2.6 ×   104
	90.5
	0.6
	[34]



	Gold
	  45.6 ×  106
	6.5
	317.0
	[30]



	Silicon Dioxide
	Electrically isolated
	Electrically isolated
	1.4
	



	Silicon
	Electrically isolated
	Electrically isolated
	130.0
	[30]
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