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e Under NEDO project The Development for Advanced Thermoelectric Conversion System, Komatsu
Ltd. involved in R&D for Bi-Te, silicide and their cascading modules for 5 years up to March, 2007.
Aiming to 15% of conversion efficiency under the hot side T,=580 °C and the cold side T,=30 °C
12% as midterm target was already well attained. After that, module designing as well as materials
tuning were the major topics in terms of superior durability. Bi-Te module, which is well established
as Peltier cooler, was adjusted to be suitable for generation purpose. So far, better than 7.8% of
conversion efficiency with T, =280 °C and T,=30 °C was obtained and reproducibility was also well
confirmed. Komatsu started investigation for silicide materials as well as module fabrication
together with this NEDO project. The performance of silicide module using n-type Mg-Si and p-type
Mn-Si are being steadily improved due to not only the elevation of Z-values of the materials but also
maturity of module fabrication technique. Then, better than 8% of efficiency has been maintained at
T,=550 °C and T,=30 °C . Besides each single module, the cascading one was successfully stacked
and the performance was achieved almost as expected. 12.1% with T,=550 °C and T,=30 °C was
actually accomplished. Based on those achievements in 27 January, 2009, Komatsu Ltd. announced
to launch the commercial production and sales of thermoelectric generating modules using Bi-Te
alloys through KELK Ltd., which is wholly owned Komatsu's subsidiary.

1. Introduction

Komatsu involved in NEDO project with several industry partners and one non-profit
organization, named as The Engineering Advancement Association of Japan (ENAA) [1]. In Japan
Kyoto Protocol issued on 16th Feburary 2005 and Japan is required to reduce 9% of global-warming
gas exhaust in comparison with that of 1990. Thermoelectric generation is expected as one of the
contributions to achieve its goal. The project is being supervised by Prof. T. Kajikawa of Shonan
Institute of Technology and focuses on further develop of thermoelectric generators in the medium
temperature range up to 580 °C is aiming to achieve more than 12% conversion efficiency up to
March 2005 and the feasibility of ) up to 15% shall be evaluated by March 2007.

To reach this aim, the cascade-type modules using Bi-Te and silicide semiconductors as

illustrated in Fig. | are being developed. Research and

Hot side investigation on materials and module designing as

' Silicide well as characterizatign_t(_achnique are being carried out
mmmodule at the Research Division of Komatsu Ltd. Our

' - 'IBi-Te approach is to employ the cascading modules instead

| P L | N [" L L module of the segmented-type module and to elevate the
—m— performar_lce over the wider temperature range.
Actually it works very well. In terms of the convenient

Fig. 1. Concept of cascade-type module handling but also technical advantage against the
stacked with silicide and Bi-Te modules. segmented one, the cascading module consisting of two

types of the modules shows great performance better
than 12 % of efficiency and output density of better than 1 W/cm?.

Bi-Te based alloys and silicide semiconductors such as p-type Mn-Si and n-type Mg-Si are being
employed for the lower and upper side modules, respectively. On the ground of environmentally
friendly aspects, silicide materials were picked up. For Bi-Te materials and module fabrication, our
subsidiary KELK Ltd [2] has well established technology for commercial Peltier modules and its
related products. Starting from them, modification and improvement of material designing as well as
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module fabrication for generation are being carried out at Komatsu Research Division. In the
following sections our current activities relating to thermoelectric generating, i.e. semiconducting
properties, material and module fabrication as well as characterization technique will be described.

2. Silicide semiconductors and thermoelectric generating module using them
2.1. Mn-Si (HMS) semiconductor as p-type leg material

Among several manganese silicides such as MnSi and MnsSiz, one with the highest content of
silicon expressed by Mn,Si;, Mny;Siig, MnysSioe or MnSiy 74 is being employed as p-leg material for
silicide module. Hereafter it is called as HMS (Higher Manganese Silicide) [3—4]. HMS has unique
crystal structure. Along its c-axis, tetragonal sub-cells make a pile depending on the numbers of
manganese. For instance in case of Mn,Sis, 4 sub-cells stack as shown in Fig. 2.

The band structure tells us its semiconducting characters with band gap of nearly 0.7 eV. The
flat band schemes suggest the heavy carrier mass and low carrier mobility. Fig. 2 gives us impression
of the anisotropic properties such as resistivity and thermal conductivity. However, the neighboring
sub-cells are almost identical resulting in the weak anisotropy. It suggests that sub-cell is the essential
origin for its thermoelectric performance.

Another important feature of this compound is its multi-phase structure. Fig. 3 shows the typical
microscopic image. During growth process monosilicide precipitates with regular interval and exactly
on c-plane of HMS. Monosilicide has metallic characters and seems to have functions to reduce
resistance for whole specimen [6].

2.2. p-leg preparation for the modules [6]

The weighed amount of MnSiy 74 with proper amount of dopant materials such as Mo, Al and Ge
were melted in an induction furnace. Subsequently, the ingot was crushed and loaded into a quartz
tube. Then, it was placed in the modified Bridgman furnace. A starting temperature of 1423 K, a
growth rate of 30 mm/h and temperature gradient at the solid/liquid interface of around 3 K/mm were
a typical growth condition. Using X-ray pole figure analysis, as-grown boule was sliced and diced
corresponding to the crystal axis, usually c-axis shown in Fig. 2. Then, each element was formed into
the appropriate shape for the generating module, for instance 4.5x4.5x6.8 mm®.

c-axis of HMS

Fig. 2. The crystal structure of Mn,Si-. Fig. 3. The typical microscopic image of HMS.

2.3. Mg-Si semiconductors as n-type leg material

Mg.X (X=Si, Ge and Sn) has an anti-fluorite-type structure (space group, Fm3m). It was pointed
out that several compounds with the anti-fluorite structure had number of valence electrons just equal
to the number of states in the Brillouin zones. Therefore, they expected these compounds to have high
resistivity. Those three magnesium compounds have been found to be semiconductors with indirect
band-gap and their electronic properties can be controlled by doping appropriate species such as Sh.
The energy gaps of Mg,Si, Mg,Ge and Mg,Sn are 0.78, 0.69 and 0.36 eV, respectively deduced from
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the resistivity measurement [7]. The band structure can be prepared using WIEN2K program, which
expresses well its semiconductor characters. First-principle investigations were performed following
the density functional theory (DFT). To investigate the solid solution, a super cell containing 8
primitive unit cells was derived from the original crystals with varying composition. The calculation
showed that those three compounds are indirect semiconductors with small band gap. The conduction
band is dominated by SiGe electrons for Mg,Si and Mg,Ge and by Mg (2s) electrons for Mg,Sn
Accordingly, there must be a transition in conduction dominated by Si- or Mg-electrons for
intermediate n-type solid solution. There is a conduction band splitting in the solid solutions. The pure
compounds have similar structure in the conduction band with an indirect band gap and two split
bands, where one is dominated by Si/Ge/Sn and the other by Mg electrons. It was possible to prove
that the conduction is dominated by electrons from Si/Ge atomic orbitals for Mg,Si and Mg,Ge on the
one side and Sn orbitals for Mg,Sn on the other.

2.4. n-leg preparation for the modules

n-type Mg,SiiShy, solid solutions are known as efficient thermoelectric material for middle
temperature range [8-10]. The weighed amount of Mg,Sig4Shoe With proper amount of Sb dopant were
melted in a induction furnace. Subsequently, the obtained ingot was crushed and pulverized into fine
powder with particle size small than 38 um. The sintered compact was prepared by means of Spark
Plasma Sintering (SPS). n-type elements were also cut out of the obtained ingot with same size as p-

type leg [6].
2.5. Silicide module consisting of p-HMS and n-MgSi

The thermal spray technique was employed to form the metallic electrodes such as Al and Cu. A
masking ceramics plate is put at each end of the module. Typically, the module has the size of
235 x 23.5 mm? and several millimeters in length and consists of 8 pairs of p-n junctions as shown in Fig. 4.

Fig. 5 shows the efficiency n and output power as a function of hot side temperature. Actually,
better than 8% at T,=550 °C and T,=30 °C was obtained, whereas 9% is expected from the materials'
performance. It can be said that thermal spray is a promising technique to form a superior metallic

electrodes in terms of both electrically and thermally low contact resistances.
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Fig. 4. Silicide module. Fig. 5. Efficiency 1 and output power as a function of
hot side temperature T;, for the silicide module.
3. Bi,Tez semiconductors and thermoelectric generating module using them
3.1. Recent investigations on Bi,Te; related compounds

Bisumuth telluride and its related alloys such as Bi,Se; and Sh,Te; are the classic thermoelectric
materials with large Seebeck coefficient. They have a rhombohedral crystal structure (R3m) and clear
cleavage plane along c-plane resulting in remarkable anisotropy in various transport properties, such
as resistivity and thermal conductivity [11]. However, as S. K. Mishra et al. have pointed out, serious
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studies of the electronic structure of these compounds based on theoretical calculations have been
started only recently [12].

Several early attempts at the theoretical determination of the electronic band structure of Bi,Tes
relied on the empirical pseudopotential approach [13]. The only density function calculation for Bi,Tes
reported in the literature was performed by Thomas et al. using the LAPW method [14]. It was
strongly suggested that spin-orbit coupling is essential for the anisotropy in transport properties for
BizTeg and szTEg [15—16]

3.2. Module fabrication and characterization

The p-Sh,Te; based alloy and n-type Bi,Tes-Bi,Se; quasi-binary alloy doped with halogen dopant
were employed as leg materials. They are both produced by means of a specially developed sintering
technique. The sintered bulks were plated by Ni layer with a few micrometers thickness and
subsequently diced into blocks with several millimeters cubes. Using normal soldering technique, Ni-
plated Cu electrodes were connected and typically 8-pairs of p-n elements were aligned as shown in
Fig. 6. The top and bottom sides of the module were carefully leveled by polishing and finally the lead
wires were connected using a normal soldier.

Fig. 7 is conversion efficiency n as a function of Ty. Output power is also plotted as well. Better
than 7.8% of n could be achieved at T,=280 °C and T, = 30 °C. The expected efficiency is slightly
better than 8% in the corresponding temperature range, which means that module fabrication
technique is well matured enough to exhibit the module potential.

T.=30°C
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Fig. 6. Bi-Te module. Fig. 7. Efficiency n and output power as a function of
hot side temperature Ty, for the Bi-Te module.

4. Fabrication of Cascade-type module and its performances

In case of the segmented module, contacts and joining are always necessary and surely degrade
the performance due to the heat loss and contact resistance. As well as segmented module, cascading
module has been expected to have poorer performance due to the temperature drop at the interface part
as shown in Fig. . Moreover, thermal stress can also cause the deformation of the module resulting in
poor thermal contact at the junction part between upper and lower modules. Then, it was clear that the
cascading does not help the performance improvement. Nevertheless, careful treatment of the surfaces
of each module and precise parallel control enabled us to construct near-ideal cascading modules.

The cascade-type module was constructed by stacking Bi-Te and silicide modules with putting
an A1N plate in-between for electrical isolation as shown in Fig. 8. The output power from each
module was measured separately and the load resistance was varied independently for each module.
The heat flux was calculated from temperature drop in the reference block made from Cu or Ni. n of
cascade-type module is deduced using eg. (1)

(R +PR)

"R RR) M
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Fig. 9 shows n and output power P = (R, +P,) as a function of hot side temperature Ty. 12.1%

of n could be obtained under T, = 550 °C and T, = 30 °C. Then, the mid-term milestone with target of
n = 12% at T, = 580 °C and T, = 30 °C was well fulfilled. And also, maximum total output power
5.02 W, where the heat flow (Q. + Py, + P.) is 41.5 W.
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Fig. 9.  and output power P = (P, + P.) as
Fig. 8. Cascade-type module. a function of hot side temperature Ty, for the
cascade-type module.

5. Efficiency and output power measurements for cascade-type modules

The difficulty in characterizing a stacked module lies in the interdependence of the thermal
condition for each module on the other modules according to the equation the heat flow through the
module depends on the load current. As hot and cold side temperature kept fixed, the intermediate
temperature between the modules varies with both load currents. Changing one module's current will
therefore alter the other modules output power and efficiency. It is possible to calculate the
intermediate temperature and to estimate the optimal load currents for both modules, which is done for
the definition of the module design. To check this designing approach and to avoid any uncertainties
that might be introduced by selecting calculated load currents, a free approach model to the
measurement was chosen. It is realized by varying the current in an alternating order, independently

for each module. This process is repeated in iteration until a saturation of the total efficiency is
reached.

e
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Fig. 10. Characterization process of the cascade-type module.
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Fig. 10 illustrates how the algorithm works. The measurement starts at a zero current for both
modules. In step 1 the current of the cold-side module is varied along the line | while the hot-side
module's current remains zero. From the black measurement points of the total efficiency, a 3rd order
polynomial fit is calculated (line I) and the maximum of this fit is determined. The load current for
which the efficiency is maximal is then applied to the BiTe module. Now the current for the upper side
silicide module is varied in step 2 along the line Il and again a new maximum in dependence of the
upper side module's current is calculated from a polynomial fit. The current at the maximum is applied
to the upper side module and the iteration starts over (step 3 and step 4). This is done until a saturation
of the efficiency is reached.

6. Verification of heat flow measurement [17]

In order to check the measurement procedure for systematic errors, a reference sample from
Nimonic 75 CrNi Steel (NPL reference thermal conductivity standard PR.41.08) was prepared with
the same cross section (23.5 x 23.5 mm) as the generators. The composition of the bar stock of was
given by the manufacturer as Cr 19.7%; Ni 74.4%; Fe 4.2%; Mn 0.46%; Si 0.46%; Ti 0.41%; Al
0.17%; Cu 0.01%; C 0.10%; P 0.006%; S 0.002%. To thermally condition the material, it was heated
at 1080 °C for one hour in dry pure hydrogen with dew-point less than -50 °C, and then slowly cooled
in a water-cooled retort under hydrogen. As the thermal conductivity of this steel is well known, the
heat flow can easily be calculated from the temperature drop within the block. For verification, the
module was replaced by this reference sample and the heat flow was measured simultaneously with
the measuring heater and the reference sample.

For a valid verification of the heat flow measurement, it is essential to provide similar
measurement conditions especially regarding the thermal resistance of the sample (i.e. the generator
module) and the reference sample. With 12.8 Wm™ K™ at 50 °C and 17.3 Wm™K™ at 300 °C the
thermal conductivity of Nimonic 75 is up to 15 times higher than that of a typical thermoelectric
semiconductor. However, identical thermal conditions and geometry provided, the ratio of the heat
flow of a generator and a steel sample would be only about 10. The reason is the additional heat flow
from the Peltier effect induced by the load current. The typical height of the reference sample was
therefore chosen to be 40 mm, which corresponds to a thermal resistance around 5 KW™. The
reference block was mirror polished to minimize radiation exchange. Fig. 11 shows the arrangement of
the experimental set-up. From the temperature drop between two thermocouples along the heat flow in
the NLP-block, the amount of heat flow can be determined highly precisely. Based on this value,
validity of the amount of heat flow was investigated. The temperature drop inside the block was
measured by two shielded thermocouples, which were mounted in two holes to the center of the block
with a diameter of 0.5 mm and a separation of 30 mm. It is difficult to quantify all errors in the
temperature, e.g. insufficient thermal contact or heat conduction in the thermocouples. However, the
major errors are likely to be introduced by uncertainties in the location of the thermocouples, and
uncertainties of the material heat conductivity, while radiation losses are negligible up to about 300 °C
(< 100 mW). A potential dislocation of the temperature measurement point by the thermocouple's
diameter of 0.5 mm or 2.4% of the total distance is a valid assumption. Together with the calibration
uncertainty of the thermocouples, an error of 4% is expected for the temperature measurement. The
certification for the calibration sample guarantees + 3 % of the heat conductivity. All in all, the heat
flow measurement using the reference sample appears reliable within about £ 5 %. Fig. 12 shows the
amount heat flow deduced from each blocks. They are in good agreement with each other within 3%,
which means the estimation of the heat flow using reference block is also highly reliable. Careful
treatment of radiation shielding, load pressure control for a module and remote sensing of the
electrical output power brought us a reliable and precise measurement system.
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Fig. 11. Arrangement of the experimental set-up Fig. 12. Comparison of the heat flow deduced
for heat flow measurement. from each blocks in Fig. 11.

7. Life time and durability of generating modules

There are two major factors to damage and degrade the generating modules. First one is due to
chemical phenomena coming from long-term continuous operation in high temperature and severe gas
atmosphere. Diffusion of metal materials such as Cu and Ni occurs at the hot side interface between
electrode and leg materials. It surely degrades the mechanical strength and brings poor contact
resistance. And evaporation and volatilization as well as oxidation of leg materials give serious
decrease in output power. Coating and shielding are very important techniques to avoid them. In case
of operation in space, output power degrades with a linear function of square root of time [18]. To
predict the life-time of the modules, degradation data will be greatly necessary in various
environments.

L -

Fig. 13. Thermal stress for a cascade-type module during operation at T,=550 °C and T,=30 °C.

The second one is due to the thermal stress. It is unique for terrestrial applications with such as
co-generating system and automobiles. Heat cycling brings the repeated thermal stress and resulting
material fatigue becomes a severe problems. Fig. 13 displays the distribution of thermal stress and
magnified deformation for the cascading modules. It consists of Bi-Te module with Cu electrodes and
silicide one with Al electrodes. It was deduced by the FEM analysis under the condition of T,, = 550 °C
and T¢ = 30°C. It is obvious that the tensile stress localize at the interface of hot side electrode of
silicide module, which might be the major origin of the fatigue damage. Relief of stress is a key
technology for utilization of thermoelectric generation.
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Fig. 14. Thermoelectric generating module to be commercialized by KELK.

Very recently Komatsu Ltd. announced that through KELK Ltd. the commercial production and
sales of thermoelectric generating modules will be launched. Fig. 14 is outlook of that module. More
in detail is avilable on http://www.komatsu.com/CompanyInfo/press/2009012714011528411.html.

8. Conclusion

Under the national project supported by NEDO, a cascade-type module with better than 12 % of
efficiency at T,=550 °C and T,=30 °C could be fabricated. p-Mn-Si and n-Mg-Si were used as the leg
materials for the hot-side module. Bi-Te related alloys were used for the cold-side module. The
validity of efficiency-value obtained was examined and high reliability could be confirmed through
heat flow estimation. The next most important issue is to investigate life-time and durability of those
modules. Relief of thermal stress, coating, and shielding will be key technology for realization of
thermoelectric generation. Cost reduction is also important factor as well. And as a first step, Komatsu
Ltd. announced to launch the commercial production and sales of Bi-Te modules through KELK Ltd.
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