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Abstract

Traditional processes of making contacts (metallization layer) onto bulk crystalline Bi,Tes;-based materials do not work for
nanostructured thermoelectric materials because of either weak bonding strength or unstable contact interface under temperature
higher than 200 °C. Hot pressing of nickel contact onto the nanostructured thermoelectric legs in a one-step process leads to
strong bonding. However, such process caused a large contact resistance in n-type Ni/Bi, Te, 7S¢ 3/Ni legs, although not in p-type
Ni/Big4Sb; ¢Tes/Ni legs. A systematic study was carried out to investigate the detailed reaction and diffusion at the interface of
the nickel layer and n-type Bi,Te;-based thermoelectric material layer. We found that a p-type region formed within the n-type

Bi,Te; 7Seq 3 during hot pressing due to Te deficiency and Ni doping, leading to the large contact resistance.



1. Introduction

Thermoelectric (TE) power generators, which have been used to provide electrical power for space vehicles,' now are
considered for waste heat and solar energy harvesting into electricity.z’ ® Bi,Te; and its alloys with Sb,Te; and Bi,Se; are well
known for their good thermoelectric performance near room temperature.” ° Progress by nanostructure engineering has further
improved their performance.®'® Recently, a flat-panel solar thermoelectric power generator, using high thermal concentration of
~300 but no optical concentration to maintain a hot side at 220 °C and cold side at 20 °C, achieved a system efficiency of 4.6%."*
15 The metallization layer (nickel) made onto both the n- and p-type nanostructured legs for this concept-proof STEG device were
by sputtering method.'* '* However, sputtering is not a scalable method for mass production of such devices operating at

16,17

temperature above 200 °C, which require a thick nickel layer to prevent the Cu from the electrode and also Sn from solder

diffusing into the thermoelectric materials'® '°. Electrochemical deposition process was used to make thicker nickel layer.'” 2
However, the weak-bonding interface (<10 MPa), between the nickel and thermoelectric material, leads to severe device
degradation. Since the power generation device operates at much higher temperature (~250 °C) and larger temperature gradient
(100~200 °C mm™) than that of the cooling device (~50 °C and 20~30 °C mm, respectively), stronger bonding strength is

required between the Cu electrode and the thermoelectric elements.

In addition to the bonding strength, the electrical contact resistance between the electrode and thermoelectric materials
needs to be minimized. The contact resistance R, between the electrode and thermoelectric legs decreases the effective <ZT>p of

thermoelectric devices according to,2!

Y
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where L is the length of the thermoelectric leg, R. is the contact resistance, ¢ is the electrical conductivity of the thermoelectric
leg, and <ZT>,,is the effective ZT of the thermoelectric material between 7}, and 7,. For a typical device L ~1 mm, and 6 ~105 S

m’', R, should be much less than L/26 ~10%Q m? (10* Q cm?). Ideally, the contact resistance should be less than 1 pQ cm?.

In order to achieve higher bonding strength at the Ni/TE interface, we directly pressed a Ni powder layer onto Bi,Tes
powder layer by hot pressing. A significantly improved bonding strength was obtained in both n-type Ni/Bi,Te; ;Seq 3 (~20 MPa)
and p-type Ni/Big4Sb; ¢Te; (<30 MPa) legs. However, a very large contact resistance was observed in n-type Ni/Bi,Te, ;Se 3
(~210 pQ cm?) even though the contact resistance for p-type Ni/Big4Sb; ¢Tes is less than 1 pQ cm?, as illustrated in F ig. 1. The
high contact resistance we observed should be related to the interface reaction of Ni/BizTe”Seog.zz’ 2 In this paper, we carried
out detailed studies to investigate the cause of the large contact resistance at the interface of Ni/Bi,Te, ;Se(; formed by the direct

current induced hot press process.
2. Experimental details

Synthesis of thermoelectric elements for the device. The elemental chucks were weighted according to the formula of
Big4Sb; ¢Te; for p-type and Bi,Te,;Seys for n-type, and then subjected to ball milling. The ball milled powders were
subsequently loaded into a graphite die and sintered by direct current induced hot pressing'> '*.

Synthesis of compounds for studying the interface reaction. Ball milling and hot pressing processes were also used to

synthesize the possible compounds formed at the interface during hot pressing, including NiSe, NiTe, Ni;Te,, and Ni,Te;. In



order to investigate the doping effect of minor Ni in thermoelectric elements, BiyTe,7Seq29Nig 1, NigoiBijgeTes7Seq3, and
Niy 01 Bi,Te, 7Seq 3 were studied. Furthermore, more than 15 compounds with the general formula (Bi;,Ni,),(Te, Se);s were also

synthesized to investigate the combined effect of the nickel doping and also the tellurium deficiency on the contact resistance.

Contact fabrication. For the hot-pressed contact, commercial Ni powders, Biy4Sb; ¢Te;, and Bi,Te,;Sey; nanopowders were
loaded in a graphite die within a glove box under the argon protection, as followings: Ni/Big 4Sb; ¢Tes/Ni for the p-type leg, and
Ni/Bi,Te, -Seq3/Ni for the n-type leg. The graphite die was subsequently subjected to a hot pressing process.'> !*

Structure characterization. X-ray diffraction (XRD) measurements were conducted on a PANalytical multipurpose

diffractometer with an X’celerator detector (PANalytical X Pert Pro).

Elemental composition measurement. The chemical composition analysis was carried out on the field emission scanning

electron microscopy (SEM, JEOL-6340F) and transmission electron microscopy (TEM, JEOL-2010F).

Thermoelectric transport property measurements. The electrical resistivity was measured by a four-point method, while the
Seebeck coefficient was determined by the slope of the voltage difference versus temperature difference curve based on a static
temperature difference method. The simultaneous measurement of electrical resistivity and Seebeck coefficient was conducted on

a commercial system (ZEM-3, ULVAC).

Measurement of contact resistance. The electrical contact resistance was measured from a scanning voltage probe, as shown in
Fig. 1. Voltage drop along a TE element is measured as a small current passes through the element. A typical dimension of the

sample for the contact resistance measurement is around 1.8 mm x 1.8 mm x 2.4 mm and a typical current used is 0.1 A.

Bonding strength measurement. The bonding strength is measured by the tensile strength test. The thermoelectric element with

Ni layer (1.8 mm x 1.8 mm x 2.4 mm) was welded on aluminum holder by solder, and then subjected to the tensile strength test.

Fig. 2 shows the microstructure of the contact region (cross-section) between the Ni metallization layer and
thermoelectric (TE) elements in both p-type leg Ni/Biy4Sb;¢Te;/Ni and n-type leg Ni/Bi,Te,;Se3/Ni, which was made by
directly hot pressing layered Ni powder and TE powders. A layer (gray region) between the Ni (dark region) and TE (light region)
was clearly seen from both n-type and p-type legs, which could be a new product due to the interface reaction during hot pressing.
Here, we refer it as an interface reaction layer (IRL). The thickness of the IRL in n-type leg (~4 um, hot pressed at 400 °C) is
slightly thicker than that in p-type leg (~3 pum, hot pressed at 400 °C). With the increased hot pressing temperature from 400 °C to
500 °C, the thickness of the IRL also increases from ~3 pm to 13~16 um for p-type leg, and from ~4 um to 17~21 pm for n-type.
A selected area (~2 x 20 pm?) SEM-EDS was conducted to detect the atomic composition profile crossing from Ni side to
thermoelectric materials side, as shown in the Fig. 3. From the Ni concentration profile, it seems that a thicker Ni;Te, and a
thinner NiTe were formed at Ni/Bi, 4Sb, ¢Te; interface, while a thinner Ni;Te, and a thicker NiTe were formed at Ni/Bi,Te, ;Seq 3
interface. After the IRL, a significantly thicker Te-deficient region (TDR) was observed in Ni/Bi,Te,;Se,; samples, whereas
stoichiometric Bij4Sb; ¢Te; was observed right after the IRL in Ni/Big4Sb; ¢Tes;. The formation of TDR suggested that the

interfacial reaction consumes more chalcogen element in the n-type leg than that in the p-type leg.



To confirm the reaction product at the interface region, we mixed 20 wt.% Ni with 80 wt.% TE powders of both p- and n-
type and hot pressed. The X-ray diffraction (XRD) patterns, shown in Fig. 4, clearly indicate that both the hexagonal nickel and
rhombohedral Bi,Tes;-based materials were present, plus another phase that matches well with those of NiTe shown in Fig. 4(c).
This is consistent with the observation by Lyore et al., in which a NiTe phase was observed by TEM in a Ni/Bi,Te;7Seq 3
interface after annealing at 200 °C. In their work, the Ni layer was deposited onto Bi,Te,;Seq3 by sputtering. The NiTe bulk,
shown in Fig. 4(c), was made by ball milling and hot pressing. Furthermore, it is noted that the major impurity peaks in Fig. 4(b)
have a slight larger 20 than that of Fig. 4(a). More careful analysis of the XRD pattern of Fig. 4(b) shows that the impurity phase
is more close to Ni,SbTe,?* which has a similar hexagonal crystalline structure (P63/mmc, No. 194) with NiTe, but with Sb and
Te sharing the same atomic site in the corresponding crystal structure. According to the chemical composition of the IRL of
Ni/Big 4Sb; ¢Te; interface as shown in Fig. 3(a), the impurity phase should be NiTe;Sb,. In other words, both Te and Sb from
Bi(4Sb, ¢Te; reacted with Ni at the Ni/Big 4Sb; ¢Tes interface, explaining no obvious Te deficiency in Biy4Sb; ¢Te; shown in Fig.
3(a), but significant Te deficiency in Bi,Te;;Seq 3 shown in Fig. 3(b). However, NisTe, did not show up in Fig. 4. According to
the Ni-Te phase diagram, NisTe, is also a stable phase when enough Ni exists. To find out whether NisTe, phase forms at the
interface, we synthesized NiTe by ball milling and sandwiched it between Ni and Bi,Te, ;Se 3 to form a new layer structure, i.e.,
Ni/NiTe/Bi,Te; 7S¢ 3/NiTe/Ni. The thickness is 0.3, 0.2, and 1.5 mm for Ni, NiTe, and Bi,Te,;Seq3, respectively. After hot
pressing, it is found that a new layer of Ni;Te, was clearly formed from the reaction of Ni+NiTe>Ni;Te,. The thickness of the
newly formed Ni;Te, is ~100 pm. At the interface between NiTe and Bi,Te; ;Sey 3, significant diffusion of Te from Bi,Te, 5S¢ 3
into the NiTe layer happened: NiTe+Biy(Te, Se);>NiTe.5+Biy(Te, Se)s s, causing Te deficiency in Bi,Te, ;Seq 3, as shown in Fig.
5. Thus, the NiTe layer is not an effective barrier layer to block the diffusion of Ni into the thermoelectric materials, which could

be the reason for the efficiency degradation due to the unstable interface.

Another interesting observation from the selected area SEM-EDS is the diffusion of Ni in the Bi,Tes;-based materials. We
noted an “abnormally” high concentration of Ni (2~7%) even 10~20 um away from the IRL. Fig. 6 shows the typical TEM
images and EDS compositions of selected points at the Ni/Bi,Te, ;Se, 5 interface. The thickness reduction was achieved from the
thermoelectric material side slowly approaching the Ni side in the preparation of TEM sample. A boundary between the
thermoelectric material and the IRL, characterized with some holes, are clearly seen from Fig. 6 (b). One special feature was the
sharp tips near the Ni/Bi,Te; 7S¢ ; interface in the thermoelectric material side. The TEM-EDS suggested that most of this sharp
tip composed of “abnormally” high concentration of Ni (>50 at.%), which was summarized in Fig. 6(a). A near pure Ni needle
was found, as shown in Fig. 6(d), which could be a direct evidence of the fast diffusion of Ni along the Bi,Te,;Seq; grain
boundary. A schematic model for the diffusion of Ni into Bi,Te,;Seq3 was shown in Fig. 6(e). One possible explanation is that
residual Ni is left at the interface during the thickness reduction process of the TEM sample because Ni is much hard than
Bi,Te, 7Seq 3. These Ni residuals would diffuse into Bi,Te, ;Seq; further during the operation. Similar fast diffusion along grain

boundary was also reported at the Cu/Bi interface.”
4. The reasons for the high contact resistance

From the discussion in the above section, possible reasons causing the high contact resistance in n-type
Ni/Bi,Te, ;Seq3/Ni legs made by direct hot pressing are probably 1) the poor electrical conductivity of the new reaction product,
2) the Te-deficient region, and 3) the carrier concentration change due to Ni diffusion into Bi,Te, 7S¢y ;. We further analyze these

possible reasons below.

4.1 Effect of the new reaction product



Apart from the NiTe reaction product confirmed by the XRD pattern in section 3, other possible phases NiSe, Ni,Tes,
and Ni;Te, according to the Ni-Se and Ni-Te phase diagram, were also synthesized by the high-energy ball milling and hot
pressing. Fig.7 shows their temperature dependent Seebeck coefficient and electrical resistivity. It is found that all the samples
show a metal-like behavior with low electrical resistivity (0.5~0.6 pQ m), which is slightly higher than that of hot pressed Ni at
500 °C (0.15 pQ m, density = 6.2 g cm'3), but much lower than that of Bi,Te,;Seq3 (~10 pQ m). Therefore the high contact
resistance cannot be from the resistance of these reaction products. Furthermore, all the samples we investigated show a negative
Seebeck coefficient (-5 to -15 uV K1), of the same type as Bi,Te,;Sey3. Based on these facts, we can rule out the IRL as the

cause of the contact resistance.
4.2 Se/Te-deficient Bi,(TejoSeg 1)3.5

It is well known that the intrinsic defects, such as vacancy and anti-site defect, in the rhombohedral structure M,X3 type
(M=Sb, Bi; X=Te, Se) compounds play an important role in determining the electrical transport properties.”*>' Since we did see a
Te-deficient region at the thermoelectric material side in the Ni/Bi,Te, ;Seq ; interface, we will discuss the possible defects that
would determine the electrical transport properties near the contact interface. In a single crystal, the formation of metal anti-site
defect My would be more energy-favorable than chalcogen vacancy Vy in the chalcogen-deficient Bi,Te; 5.2 The substitution of
Bi with Sb would enhance the formation of My but suppress Vy, leading to more p-type behavior.”® On the contrary, the
replacement of Te with Se decreases the concentration of My and increases that of Vy, resulting in more n-type behavior.** In a
polycrystalline M,X;, the dangling bonding due to missing chalcogen X behaves as partial Vy.'? As a result, most Bi,Te; and
Bi,Te;,Se, polycrystals show a negative Seebeck coefficient. However, there is no systematic study about the impact of the
significant deviation in M/X ratio from 2/3 even to the composition close to 1/1 in a poly nanocrystalline case. Fig. 8 shows the
composition dependent electrical resistivity and Seebeck coefficient for the formula of Biy(TeoSeq )s.5. When the M/X ratio is
slightly deviated from stoichiometric value of 2/3 (3<0.03), an increased electrical resistivity and Seebeck coefficient is seen in
Biy(Tep9Sey 1)s5. However, the electrical resistivity drops from 34 pQ m to 14 pQ m as the M/X ratio changes from 3=0.04 to
6=0.06. The high electrical resistivity due to the slight deviation from stoichiometric ratio could be one of the reasons for the high
contact resistance we observed, but cannot be fully responsible since the resistivity is not so much higher and also such a layer is

very thin due to the narrow composition.
4.3 Nickel doping effect

Nickel (Ni) diffused into the Bi,Te;-based thermoelectric element can act a dopant to affect the electrical transport
properties. However, we lack the information about the most favorable atomic site for Ni in the Bi,Te;-type crystalline structure.
In order to consider all the possibilities, including interstitial (Ni;), and substitution at metallic site (Niy) and chalogen site (Nix )
in the M,X; lattice, 1 at.% nickel was added into three Bi,Tes;-based compounds: NiggBirTe,7Seq3, NiggiBijg9Ter7S€q3,

Bi;Te, 7Seg20Nig o1- All the samples were made by ball milling and hot pressing.

Fig. 9 shows the temperature dependent thermoelectric properties of the three Ni containing compounds. All three Ni
containing samples show a high electrical resistivity (60~210 pQ m) near room temperature, which is much higher than those of
the nickel-free samples made by the same fabrication condition as shown in Fig. 9 (c). Furthermore, a positive Seebeck
coefficient was seen in both Nij¢Bi,Te,;Se3; and Bi,Te, 7Se29Nigg;, which is in contrast to the normal negative Seebeck
coefficient in Biy(Teq¢Seq |);.s materials, as shown in Fig. 9 (d). In other words, Ni is a strong acceptor in this case. In order to get
more information about the combined effect of the Ni doping and Te deficiency, more compositions in a map of y and 9,

according to the formula of (Bi;_,Ni,),(Te, Se);.5, were investigated. Figure 10 shows that the contour map of electrical resistivity
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and Seebeck coefficient for the (Bi;.,Ni,),(Te, Se);_; system at room temperature, which is built on 16 samples. It clearly shows a
p-type region, corresponding to high resistivity. Very narrow p-type gap in chalcogen-deficiency (3 value) was seen in the Ni-
free polycrystalline Biy(Te, Se);s. However, the p-type composition gap (6 value) significantly widens with increased nickel
concentration as shown in Fig. 10 (c). As we discussed in section 4.2, the type of major carrier for (Bi;,Ni,),(Te, Se)s_5is a result
of the competition between the metal antisite defect My and the chalcogen vacancy V. In the Ni-free case, My is dominant in a
slightly chalcogen deficient sample, while Vx becomes dominant when the chalcogen deficiency is increased as illustrated in Fig.
10(d). In the Ni-containing situation, Ni plays a similar role with Bi as cation in the M,X; (M=Bi, Ni and X=Te, Se) structure.
The formation energy of Niy could be even lower than Biy (X=Te, Se), explaining why a larger d reverses the dominant defect
from My to Vx, and hence a wider p-type composition region in & value was seen in Ni containing (Bi;,Ni,),(Te, Se)s.s. It is clear
that the high contact resistance in n-type Ni/Bi,Te, 7Se3/Ni is caused by this highly resistive p-type composition region (PTR)
due to Ni getting into the X-site and the chalcogen-deficiency. Regarding the diffusion of Ni into thermoelectric materials, the Vx
due to chalcogen transferring towards the reaction interface could be another channel besides the grain boundary channel, and
finally form some p-type defect Nix. Although the formation of Nix would neutralize the negative charged carrier and raise the
electrical resistivity in n-type legs, it increases the positive charged carrier and reduces electrical resistivity in p-type legs. This is

why we only see the high contact resistance in n-type legs not in p-type legs.

5. The Possible approaches to reduce the contact resistance

Based on the above findings, we tried to prevent the formation of the p-type region (PTR) within the Bi,Te;-based
thermoelectric element by adding two interlayers between Ni and BiyTe,;Sep;, to form a sandwich structure, i.e.,
Ni/Ni;Te,/Ni,Tes/Bi;Te, ;Seq 3/ NiyTes/NizTe,/Ni, and hot pressed at 500 °C. Fig. 11 shows the contact resistance measurement
by the scanning probe measurement. The contact resistance is only 4 uQ cm?, much lower though not low enough. However, the
bonding strength of the sample is only ~11 MPa, which is understandable since there is no reaction to form the strong chemical

bonding.

In order to balance the contact resistance and the bonding strength, we should allow some interface reaction without the
formation of tellurium deficient region (TDR). The first thought was to introduce a Bi,Te,;Sey; barrier layer with extra
chalcogen-containing compounds, such as Se, Te, and TeO,. However, the low melting point of pure Se and Te is problematic for
hot pressing since it causes abnormal grain growth of Bi,Te, ;Seq 3 at the interface during the hot press process, which weakens
the bonding. NiSe, has a melting point of 856 °C, higher than that of Se, Te, and TeO,. A barrier layer (BL) made of 90%
Bi;Te, 7Seq3+10% NiSe, (BL-1) was tried and achieved a balanced bonding strength (16 MPa) and contact resistance (9 pQ cm?)
in Ni/BL-1/Bi,Te, 7Se3/BL-1/Ni, hot pressed at 425 °C, as shown in Fig. 12. However, these are not good enough for

applications.

Another way was to use Bi,Te, 7S¢ ; with 1% Sbl; (p<5 pQ m) as the barrier layer, as shown in Fig. 12. No voltage jump
was seen in the scanning voltage probe, i.e., no significant contact resistance (< 1uQ cm?). The acceptor related to Nir, and Bir,
could not create a p-type region due to its high n-type carrier provided by iodine. The significant reduction in contact resistance,
confirmed our conclusion on high contact resistance in n-type Bi,Te; legs. Furthermore, this hot pressed contact interface also
shows enhanced bonding strength of 16 MPa as compared with that made by sputtering or electro-deposition methods (< 10

MPa). Although the bonding strength of as-fabricated n-type leg (16 MPa) is not strong as p-type leg (30 MPa), it does survive at
least 10 thermal cycles between 220 °C and 20 °C.



Besides the Ni, some of other transition metals, such as Co, are also suggested for the metallization layer of n-type
Bi,Te, 71Seg3. 233 1t is reported that Co on Bi,(Te, Se); shows significantly less diffusion, even at annealing temperatures at
200 °C.*? However, the contact made by directly hot pressing Co/Bi,Te, 7S¢y 3/Co layered powders at 500 °C has similar contact
resistance (~200 pQ cm?) with that in the case of Ni.

6. Conclusion

Nickel hot-pressed onto thermoelectric material shows a very strong bonding strength in both p-type Ni/Big4Sb; ¢Te;/Ni
(~30 MPa) and n-type Ni/ Bi,Te,;Se(3/Ni (~20 MPa). The good bonding strength was caused by the interface reaction. The
major reaction product was NizTe, for the Ni/Bij4Sb; ¢Te; interface, while NiTe for the Ni/Bi,Te, 7S¢ 3. Since more Te element
was consumed, a serious Te deficient region was identified at the interface of Ni/Bi,Te;7Sep; but not in Ni/Big4Sb; ¢Tes.
Furthermore, a fast diffusion of Ni into Bi,Te,;Se(; along the grain boundary was observed by TEM-EDS. With the doping
effect of Ni, the p-type region is enlarged with 6 value of chalcogen deficient (Bi;.,Ni,),(Te, Se);.s. The combined effect of Te
deficiency and Ni doping results in a wide p-type region, and consequently a high contact resistance in Ni/ Bi,Te, 7Seq3/Ni (R,
~210 pQ cm?, hot pressed at 500 °C), but not in the Ni/Big 4 Sb; ¢Tes/Ni (R, <1 pQ cm? hot pressed at 500 °C). The high contact
resistance in Ni/Bi,Te; ;Seq3/Ni was significantly reduced by a few different approaches. Among the approaches, a low contact
resistance (< 1uQ cm?) combined with enhanced bonding strength (16 MPa) is obtained by adding a barrier layer between Ni and

Bi,Te, 7Seq 3 to neutralize the acceptor center generated from the interface reaction.
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Fig. 1 Schematic diagram of a scanning voltage probe for contact resistance measurement, and a Bi,Tes-based leg (inset); (b) contact resistance
measurement for both n-type Ni/Bi,Te,;Seqs and p-type Ni/Bio4SbisTes. The contact resistance was determined from the averaged voltage
jump, where cross-section of the thermoelectric element is A = 1.8 x 1.8 mm” and electrical current is / = 0.1 A.
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Fig. 2 Microstructure of contact interface made by directly hot pressing the Ni powders and TE powders together, (a) Ni/BiSbTe/Ni, hot pressed
at 400 °C; (b) Ni/BiSbTe/Ni, hot pressed at 450 °C; (c) Ni/BiSbTe/Ni, hot pressed at 500 °C; (e) Ni/BiTeSe/Ni, hot pressed at 400 °C; (f)
Ni/BiTeSe/Ni, hot pressed at 450 °C, (g) Ni/BiTeSe/Ni, hot pressed at 500 °C. The dark region is nickel element, and the light region is
thermoelectric element. BiSbTe: Biy4Sb;sTes, BiTeSe: Bi,Te,;Seqs.
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Fig. 3 Comparison of composition profile between (a) Ni/Biy4Sh1sTe; interface and (b) Ni/Bi,Te,;Seqsinterface obtained from selected area
SEM-EDS. IRL: interface reaction layer, TDR: Te-deficient region.
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Fig. 4 XRD spectra of Ni+Bi,Te, ;503 (20 wt.% Ni), Ni+Big4Sb;sTes (20 wt.% Ni), and NiTe.
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Fig.5 Composition profile of Ni/NiTe/Bi,Te,,Sey 3, made by directly hot pressing at 500 °C for 2 min
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Fig. 6 (a) Composition of selected interesting points (A-G) by TEM-EDS, (b-d) the typical TEM image of the Ni/Bi,Te,;Seqs interface, (e) a

schematic model for the fast diffuse of Ni along the grain boundary.
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Fig. 7 Temperature dependent electrical resistivity and Seebeck coefficient of Ni;Te,, NiTe, Ni,Tes, and NiSe.
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Fig.11 Contact resistance measurement by the scanning probe for two Ni/NisTe,/Ni,Tes/Bi,Te,;Seq3/Ni,Tes/NisTe,/Ni legs, which is made by hot
pressing at 500 °C. The cross section of the leg is 1.8 x 1.8 mm’, the current is 0.1 A.
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Fig. 12 Contact resistance measurement by the scanning probe for two n-type legs with barrier layers (BL): Ni/BL-1/ Bi,Te,;Seqs/ BL-1/Ni and
Ni/BL-2/ Bi,Te,;Seqs/ BL-2/Ni, which is made by hot pressing at 425 °C. BL-1: 90% Bi,Te, ;Seq3+10% NiSe,, BL-2: 1% Sbl; doped Bi,Te, ;Seq 3.
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