
 

 

 

 

 

 

 

 

 

 

 

 

論文内容の要旨 

 

Thermoelectric materials have an excellent ability to convert thermal energy to electrical energy 

and vice versa. Noting that more than 60% of the energy produced in the world is disposed of without 

being used as waste heat, in recent years, expectations for thermoelectric conversion used as a waste 

heat recovery technology or an energy acquisition technology from unused heat have been glowing. 

Silicon (Si) is non-toxic and can behave as P-type or N-type semiconductor by adding a small amount 

of impurity element. Si has tended to be left out of candidates of materials for thermoelectric 

conversion modules due to its high thermal conductivity so far. However, because of its abundance 

and nontoxicity, it is attracting much attention for thermoelectric use for the future society. Recent 

studies have shown that effective heat transfer coefficient can be improved by making Si porous to 

compensate 

 for the disadvantage of high thermal conductivity, and hence use of Si as thermoelectric material 

could be realized in the not too distant future. Therefore, it is necessary to prepare data for the use of 

porous Si in thermoelectric devices. There are three major challenges in the fabrication of porous Si 

devices: fabrication of porous Si, the bonding of Si to metal electrodes, and device design. In this 

paper, we conducted investigations for the fabrication of devices using porous Si.  

First, fabrication of porous Si and Si-B by unidirectional solidification under hydrogen atmosphere 

was conducted. In this technique, discontinuous decrease in the solubility of hydrogen at the freezing 

point is utilized for the formation of hydrogen pores elongated unidirectionally in the direction of 

solidification. The porosity and the average diameter of the prepared sample were evaluated by 

image-J analysis following observation with optical microscope. And for Si, the influence of doping 

elements for tuning carrier concentration on the pore formation and the influence of hydrogen 

dissolved in the Si crystal on the electric properties were examined. As a result, it was found that 

porous Si-B with unidirectional pores can be produced by unidirectional solidification under a 

hydrogen atmosphere. The average diameter of pores becomes larger and the porosity increases with 

the distance from the cooling surface. There is no significant difference between Si and Si-B in 

porosity and average diameter. It is also found that the effect of B-doping on pore formation is not 

significant. Regarding electrical properties, first of all, it was found that the carrier concentration of 

porous Si doped with B, which contains hydrogen atoms as solutes, is significantly higher than non-

doped Si. That is, B, which is often used as a dopant for Si for tuning carrier concentration, works as 

a dopant in porous Si as well. On the other hand, the measured carrier concentration in the B-doped 

sample tends to scatter. This is due to the segregation of B. Furthermore, it was confirmed that the 

residual hydrogen in porous Si and Si-B can be decreased by annealing process with vacuum 

evacuation. Regarding the relationship between electrical conductivity and porosity, the electrical 

conductivity decreases in the direction perpendicular to the porosity as the porosity increases.  

Second, the bonding conditions of porous thermoelectric material and metal electrodes are 

examined. In order to fabricate thermoelectric conversion devices, the bonding of thermoelectric 

material and metal electrode is essential. In particular, silver (Ag) is one of candidates for metal 

electrodes because of its high electrical conductivity and the absence of intermediate compounds 

with Si. The bonding properties between Si and Ag at the atomic scale and the shear strength have 

been reported in the past. However, more data such as bonding strength and contact resistance are 

needed for fabrication of thermoelectric devices using porous Si and their use. The present study 
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investigates the diffusion bonding between Si and Ag. The bonding strength and interfacial electrical 

resistivity have been evaluated. Bonding between Si and Ag were executed using a diffusion bonding 

technique. Diffusion bonding was performed under a uniaxial pressure at a high temperature in an Ar 

atmosphere with various pressures for various periods. The bonding strength was measured with a 

tensile tester. The electrical resistances of bonded samples were measured using a thermoelectric 

measurement and evaluation system. As a result, the diffusion bonding was successfully made at 

1103 K under unidirectional compression load. No intermediate phase was observed consistently 

with the reported Ag-Si equilibrium phase diagram. The bonding strength increases with increasing 

bonding time up to 90 min while it does not vary around 8 MPa with bonding time longer than 90 

min for the bonding with a 20 MPa bonding pressure followed by slow cooling. Furthermore, the 

diffusion bonding between Ag and Si was found to satisfy the bonding strength required for 

thermoelectric devices using porous Si. The interfacial electrical resistivity is in the order of 10-10 

Ωm2 and there is no significant variation with bonding time. Thus, Ag is useful as metallic electrodes 

for Si. 

Finally, porous Si devices were fabricated. In this porous thermoelectric conversion device, the 

thermal fluid flows through pores of the thermoelectric materials and exchanges heat. Increase in 

thermal interface is the greatest advantage. Alternately arranging porous Si-B (P-type) and Si-Sb (N-

type) connected with the electrodes in between and thermal insulation material, the flow paths are 

formed in a direction perpendicular to the plate. High-/low-temperature fluids alternately flows in 

the path and causes the thermal electromotive force. Hand-drilled Si wafers were used as the porous 

Si (diameter 1.2 mm, porosity 9.38 %). The devices were fabricated in a size of 17 mm × 17 mm, 

with one Si-B and one Si-Sb bonded to each other with Ag. Hot (about 353 K) and cold (about 293 

K) temperature fluids flowed through the device, and electrical voltages of an order of mV were 

obtained. 
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