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Generalized Parameter and Compatibility Factor of Thermoelectric n-SixGei.x

The dependence of the maximum of the figure of merit (ZT)max of the SixGe,.x alloy on the
generalized parameter of material B* is investigated. A formula is used to calculate the
values of B*, which contains the quantities of band gap, specific electrical conductivity,
scaled parameter B and lattice thermal conductivity: B*=7.755-10"Eq,oBé ki’ This
formula is derived from the combination of the formulas known from the literature that
relate the thermoelectric parameters — mobility, effective mass and weighted mobility of
charge carriers. This formula no longer includes effective mass, mobility and temperature
— these parameters are replaced by specific electrical conductivity and the Seebeck
coefficient. Dependence (ZT)max — B* is constructed. By calculating the generalized
parameter, you can approximately estimate the maximum value of the figure of merit for
almost any thermoelectric. The compatibility factor of SixGe,.. has been determined. The
possibility of creating segmented thermogenerators based on this material in combination
with YbMg; sZno.osBi1 s, CuAlpsFeo 02 and Cu.0sS is indicated.
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Unique properties of thermoelectric energy sources have determined the undeniable
advantages of using thermoelectric generators as autonomous energy sources [ 1-4]. Among the
well-known materials, alloy SiGe also occupies a prominent place. This thermoelectric has been
used in spacecraft generators since the second half of the last century until recently [5—8]. This
alloy is also used in many other areas of science and technology: coolers, sensors, thin-film
transistors, batteries, solar cells, photodetectors [9-16]. It has good mechanical properties,
thermal stability and its potential efficiency reaches 15 %.

The quality of a thermoelectric material is determined by the figure of merit ZT = 6S>T/k,
where o is specific electrical conductivity, S — Seebeck coefficient, 7 — absolute temperature
and k — total thermal conductivity. For SiGe with P- and N-type conductivity, quite high values
of ZT were obtained: 0.86 and 1.29, respectively [17].
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The effective parameter for predicting the maximum value of Z7 is generalized
parameter of the thermoelectric material. It is given by the following expression [18, 19]:
B*=6.668-102E,U*k,"", where E, is band gap in eV, U¥=p(m*T /m,)3/? (n and m* — mobility
and effective mass of charge carriers, mo — electron rest mass) and k; — lattice component of the
total thermal conductivity £.

Next, we will consider generalized parameter of alloy SixGei.» with n-type conductivity at
x=0.7,0.76 and 0.8. (N-SixGe1.» has a number of advantages over the P-type. In particular, in
addition to a larger figure of merit for the same temperatures, it is more resistant to radiation [20].)

The compatibility factor of material is also considered. This important parameter of the
material characterizes its suitability for segmentation with other materials to create a
thermoelectric device [21-28].

The studied samples were obtained according to the method described in the monograph
[20]. SixGei1.r samples with different compositions were used for research: x = 0.7, 0.76 and 0.8
(concentration of charge carriers n = 3.2-10%° m?). Their conductivity is N-type, for which they
were doped with phosphorus.

B*=7.755-10*E,0B¢ k.. (1)
Bl = 3[e(Sr-2)-0.17]"/> Sr At|S| =2-10*V/K and above B =3(eSr=2 —0.17)%? with
(Bg = T T t|S| = and above Bg =3(e —0.17)"° wit
high accuracy.)

As we see, formula (1) no longer includes effective mass, mobility and temperature —
these parameters are replaced by specific electrical conductivity and B¢ (i.e. the Seebeck
coefficient).

To determine the values of Eg at different x, we used the formula [31] Eg=2|S|maxTs_,, as

a result of which from Eq. (1) we finally have:
B*21.551-10"|S|maxTs, . 0Bg ki (1)

Bulk SiGe alloys typically have total and lattice thermal conductivities close to each other
(unlike nanomaterials). Therefore, in formulas (1, 1') &z can be replaced by £.

Figure 1 shows the (ZT)max — B* dependence, built on the basis of literature data for
various thermoelectric materials (CoSbTe, CoSbTeSn, BiTeSe, BiSbTe, FeNbSb,
MgSno.73Geoos, BiSbTe [18]; P,N-MgSn, P,N-AgrTe, P-YbMgyBi,, N-Mg3(Sb,Bi)a,
P ,N-Bi;Tes, P,N-PbTe, P,N-CoSbs, P-MgAgSb, N-BiAgSeS, P-FeVSb, N-ZrNiSn, P,N-SiGe
[19]) and data for N-Si.Gei.r. From this figure it can be seen that our data satisfactorily adds to
the literature data.

The parameter B* provides a good characterization of thermoelectrics, particularly at high
temperatures, and therefore can facilitate the search for better thermoelectric materials. Thus,
by calculating the generalized parameter, you can approximately estimate the maximum value
of the figure of merit for almost any thermoelectric.
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Fig. 1. Dependence (ZT)mna — B*: data for 25 thermoelectric materials from [18, 19]
(bounded area); 0 — Sl'o‘ 7G€0,3, A — Sl'o‘ 76G€0,24, O — Sl'o,gGeo‘z

The effective parameter for materials is the thermoelectric quality factor B = BeT/ki
(BE — electronic quality factor [32]) that also determines maximum of Z7. It is a good predictor for
(ZTD)max of an optimally doped sample, provides a better characterization of thermoelectrics,
particularly at high temperatures, and therefore can facilitate the search for good thermoelectric
materials, in the criteria of high weighted mobility, low lattice thermal conductivity, and large band
gap value. We have constructed the (ZT)max — B dependence for a large number of thermoelectric
materials (bounded area in Fig. 2). The points for our samples as well as for some SiGe-based
materials are also given there. It is evident that these points fit into the overall picture well.
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Fig. 2. Dependence (ZT)max — B: data for a large number thermoelectric materials
(bounded area); o — Sip.7Geps, A — Sio.76Geo24, O — SinsGeopz, O — (SinsGeo.2)0.98Po.02 [33],

V — SipsGeosBos[34], @ — SipsGeo:Bos(TaC)o.zs [34], 3t — SinsGeo2Bo.s(NaBHy)o7 [35],
o — Sip Geos (n=2.3-10" m’) [36], @ — P-type nano SiGe [37]

Values of the figure of merit allows us to determine the compatibility factor:
CF=[(1+ZT)"2~1]/ST. Figure 3(a) shows the temperature dependences of the compatibility
factor for Cui.98S:Sei-x and SiGe from [27]. The graph of SiGe can be considered the best, since
the compatibility factor should not change significantly depending on temperature. Our data are
presented as points at 1173 K in Figure 3(b). Extrapolation of the A — T dependence to these
points gives a more complete picture.
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Fig. 3. (a) Temperature dependences of compatibility factor for: 1 — Cu;.9sSe, 2 — Cu1.95S0.025€0.9s,
3 *LazTeg, 4 — COSb3, 5 beTe, 6* SiGe, 7 — Cu1‘9gS, 8 — Cuj‘ggSo‘(gSeo‘z,
9 — Cuy.98S0.95€0.1 from[27]; (b) Some graphs from Fig. 3(a); points are our data
(these points, corresponding to different x in Si.Ge,.« overlap each other)

Temperature dependences of CF for some well-known thermoelectrics are shown in
Fig. 4. Our data for Sip8Geo.2 are also given there. It is evident from the figure that the A — T
dependence for YbMgi8Zno.osBiiog [38] intersects with our dependence at approximately
350 K, for CuAlpsFeo202 [39] — at 750 K, and for Cuj.9sS — at 850 K. All this indicates the
possibility of creating segmented thermogenerators based on SiGe in combination with the
indicated materials.
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Fig. 4. Temperature dependences of compatibility factor: o — YbMg; sZny.osBi 95,
A — CudlysFep -0, 0 — CujosS and O — SipsGey.o

Conclusions

The dependence of the maximum of the figure of merit (ZT)max of the SixGeix alloy on
the generalized parameter of material B* is investigated. A formula is used to calculate the
values of B*, which contains the quantities of band gap, specific electrical conductivity, scaled
parameter B¢ and lattice thermal conductivity: B*=7.755-10%Eg0Bg k.. This formula is
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derived from the combination of the formulas known from the literature that relate the
thermoelectric parameters - mobility, effective mass and weighted mobility of charge carriers.
This formula no longer includes effective mass, mobility and temperature - these parameters
are replaced by specific electrical conductivity and the Seebeck coefficient. Dependence
(ZT)max — B* is constructed. By calculating the generalized parameter, you can approximately
estimate the maximum value of the figure of merit for almost any thermoelectric. The
compatibility factor of SixGeix has been determined. The possibility of creating segmented
thermogenerators based on this material in combination with YbMgisZno0sBii.s,
CuAlosFeo202 and Cuy.9sS is indicated.
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ByI. 3. Armkamnapiaze 6, 0186 To6imici

VY3araabHeHnil napamerp i pakTop cyMiCHOCTI TepMOeJeKTPUIHOTO n-SixGer.x

Jlocnioorceno 3anexcnicmo maxcumymy xoeiyicuma 006pomnocmi (Z1)ma: cnnasy SixGej.x
6i0 y3aeanvnenoeo napamempa Mmamepiany B*  Jlna  pospaxynxy suaven» B*
BUKOPUCTHOBYEMBCA  (YOPMYIA, AKA MICMUMb GEIUNUHU WUPUHU 3000POHEHOI 30HU,
RUMOMOT eeKmponposionocmi, macumabosano2o napamempa Bs ma menionposionocmi
pewimku: B*=7.755-10°E,0B{ ki, Ila gpopmyna eusedena 3 xombinayii éidomux 3
nimepamypu (opmyn, wo nos'a3yioms MepMOereKmpUdHi napamempu — pyXiusicmo,
echexmusHy mMacy ma 36adiceny pyxXaugicmov Hociie 3aps0y. ana ¢opmyna 6invuie He
BKIIOYAE ePEeKMUBHY MACY, PYXAUBICTNG MA MeMnepamypy — yi napamempu 3aMiHi0I0msvCsl
NUMOMOIO eleKmponposionicmio ma Koepiyienmom 3ecdexa. [lobyoosaro 3anedicHicme
(ZD)max — B* QObuucnworwouu ysazanvheHuil napamemp, MOJICHA NPUOIUZHO OYIHUMU
Makcumanvie 3HaA4eHHs 00OPOMHOCMI NPAKMUYHO 0451 0Y0b-K020 MePMOeIeKMPUKA.
Busnaueno ¢axmop cymicnocmi SixGe;. BKa3aHo Ha MOXMCIUBICMb  CMBOPEHHS.

Ce2MeHMOBanHUX MePMO2EeHePAmopié HA OCHOBI Yb020 MAMepiany 6 NOCOHAHHI 3
YbMg . sZn0.05Bi1 95, CuAdlysFeo 20> ma Cuy.gsS.

Kurouosi coBa: repmoenexktpuunmii SiGe, y3aransHeHUH napameTp, pakTop CyMiCHOCTI.
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