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In this work, the temperature dependences of the electronic quality factor and the universal electrical
conductivity of the p-type Si,,Ge,;, as well as the dependences of the Seebeck coefficient on the
specific and universal conductivity are studied. The measured values of thermoelectric quantities
(Seebeck and thermal conductivity coefficients, specific electrical resistivity) were used to calculate
the dimensionless figure of merit ZT. The values of ZT were up to 0.6 for the concentration of charge
carriers n=2-10*m™ (optimum concentration) and 0.34 for the concentration n=3.2- 108 m™3 . 1t
turned out that the dependence of the Seebeck coefficient on electrical conductivity can be
determined in a very simple way, without resorting to the Pisarenko formula. A study of the
dependence of the power factor on the Seebeck coefficient showed its straight forwardness. This fact
allows us to describe the dependence of the Seebeck coefficient on electrical conductivity without
taking into account the quantities included in the Pisarenko formula and using simple formula. The
definition of the electron quality factor (B;) makes it possible to evaluate temperature-de-

pendent electron transport properties for thermoelectrics. The temperature dependence of By has

form that, according to the literature data, indicates the presence of additional effects, such as: band
convergence; bipolar effects and additional scattering. The dependence of the electronic quality
factor on the universal electrical conductivity was also studied. Electronic quality factor makes
scaling of electrical conductivity. © 2023 Bull. Georg. Natl. Acad. Sci.

thermoelectric SiGe, electronic quality factor, Seebeck coefficient

The thermoelectric material based on the SiGe alloy has been used for several decades as the main element
of TEG in space flights [1]. Recently, U”TEGs have also been created on the basis of SiGe [2]. This

thermoelectric is characterized by high efficiency (i.e. figure of merit, ZT~1) [3]. The electronic quality
factor (B ) and universal electrical conductivity (¢') are important characteristics of thermoelectric

materials [4]. In particular, BE performs scaling of thermoelectric quantities.

In this work, the temperature dependences of the electronic quality factor and the universal electrical
conductivity of p-type Si, ,Ge, 5 , as well as the dependences of the Seebeck coefficient (S) on the specific

electrical conductivity (c) and o', are studied.

© 2023 Bull. Georg. Natl. Acad. Sci.
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2,2 %
Dependence S - ¢ is given by the Pisarenko formula [5-7]: S = 87 hsz m'T (fj , where 7 is the
3q n

concentration charge carriers, m" is the effective mass, g is the elementary charge, T is the absolute
temperature, k, and 4 are the Boltzmann and Planck constants. Next, we can describe the dependence of

the Seebeck coefficient on electrical conductivity without taking into account the quantities included in the

Pisarenko formula and using a simple formula.

Experimental

In the experiments we used samples in the form of rectangular parallelepipeds with dimensions of
10x 10 x 20 mm, prepared by hot pressing of powders obtained from zone-melted ingots. For p-type
conductivity, phosphorus was used as a dopant. The concentration of charge carriers was 2 and
3.2:10%m™> . The study was carried out at 30-1150°C (the upper limit was limited by the melting point of

the alloy). The measurement error of S was 3%, and of specific resistivity p(: 0'_1) 5%. The thermal

conductivity coefficients (o) were also measured with an error of no more than 7%.

Results and Discussion

The electronic quality factor is related to the power factor (o-Sz) by the expression B, = cS? / B, where

S.exp(S, —2) . 3.29
1+exp[—5(Sr —I)J 1+exp[5(S, —1)]

Fig. 1 shows the temperature dependence of By for Si,,Ge, 5 . For an ideal thermoelectric, the electron

By=S and S, =(q, /kz)S [4].

quality factor does not depend on temperature, and any deviation indicates the presence of additional effects
[4, 8]. As can be seen from Fig. 1, these effects are also manifested in Si; ;Ge, 5 according to [4].
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Fig. 1. B;—tdependences in Si,,Ge, 5. Here and below  Fig. 2. Dependence o’ — 0. [0]: Sim-m™",

0-n=32-10",A-3210%m7. [B; =V -K2-m™".  [o']=Sim-w v 2. Kk*

Universal electrical conductivity is given by o-’:(qe kg )2 (G/BE), i.e. scaling of the specific

conductivity occurs. This can be seen from Fig. 2 — the experimental points form almost a single set. The
figure shows an almost rectilinear arrangement of the experimental points. But this contradicts the data in
Fig. 1.
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Let us implement the following approach — from Fig. 1 it can be seen that BE first increases, reaches a
maximum at about 740°C, then decreases. The dependence shown in Fig. 2 is divided into “low” (30-
740°C) and high (740-1150°C) — temperature ranges (an increase in temperature corresponds to a decrease
in o and o). In the first one, o’ should increase with a decrease of do'/do, in the second — with its
increase. This is clearly expressed for low-temperature region, but for high-temperature region, the location

of the experimental points does not allow clear conclusion to be drawn.

Consider the dependence S-o in
3 = Siy,Gey . It turned out that it can be
;r'nb 12 determined in a very simple way, without
= resorting to the Pisarenko formula — study of
: the dependence 08?8 showed their
03 rectilinearity (Fig. 3): oS* = kS +b, where
0 k is the slope of the straight lines, b — the

0 0.5 1 15 2 25 3
10°s ordinate of the point of their intersection
Fig. 3. Dependence 52 — S. [s]= e []= Sim-m~\. with the axis oS* when extrapolating these

lines to S — 0. The numerical values of the
constants were: £k =0.075, b=6.9- 107 for
n=210"m>and k=0.1, b=5-10"° for n=3.2-10%. From the last equation we get:

k kY b
S=—+[(—j +—] . )
20 20 o

The plot of Eq. (1) is generally a higher-order curve, but due to the relatively narrow range of variables,
almost straight lines are obtained (Fig. 4(a)). For dependence S — o' we have:
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Fig. 4. Dependencies (a) S—o and (b) S—o". [o-]: Sim-m™, [o"]: Sim-w .y k4, [S]: y.KL

It can be seen from Fig. 4(b) that the experimental points form a regular set regardless of the value of
n. This confirms the fact that the BE factor scales the thermoelectric quantities.
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Conclusion

In the Si,,Ge, 5 alloy of p-type conductivity, the temperature dependences of the electronic quality factor

and universal electrical conductivity, as well as the dependences of the Seebeck coefficient on o and o,
were studied. Based on the measured S, o and A values the ZT = o-SzT/ﬂ values were up to 0.6 for

n=2-10"m"* (optimal concentration) and 0.34 for n=3.2-10% .

80b05

p-Sio.7Geo.s 99650060l 0gMHAmgmgd@Omo 356s39EMgd0
- 0m399B535™", 3. BMBS95dg", 0. Babz@Modzgowo™

* 0¢ros 3934950 beaboydolb obo0bs s Hgdbemermgools obbBodydo, 08ogrobo, bsgsGoaggerm
* bogs®omz9emb 3956032960 16039GL0AIA0, 3¢750096 F33356000L 3089(69:9030L 0bUAOAHIHO,
080¢nolo, bsgstozgerm

(Hommy9bowos 5350093000 §ggtol 5.bgwsdgowols doge)

659Gm3do Igbfagaromos p-GHo3ol as8Gsemdob Si ;Ge, ; 89650bmdol gmmgdBHOHmbmmo gstgo-
1056mdOL BogBHMMobs s MBogzgMLsemmMo gemgdBHHmysdBsMMIOL G9ddgMod o ©sdmzo-
@JOILOIV0; 53MJ039 Bgg¥930L 3MJBoEOIBAL ©BMIEIONEYDs bIRMOm ©s YYBoggALs-
@O 9egdGHOMYs0GHIOMIYBDBY. gsbmdowo 0gHhdmgugd@®vyeo 35MsdxEMIdol bsgwdzgwby
(B998930L5 5 MOMYITBHIMMIOL 398030963 Jd0, B3gRMm0mo Fobswmds), ZT-ol 360dz3bgem-

39805 Bgoea0bs 0.6-80g n=2-10°m™-mgol (M3Godsenmmo 3mbzgb@Mmogos) s 0.34-89
n=3.2-10"m™ -ogob.

Bull. Georg. Natl. Acad. Sci., vol. 17, no. 3, 2023



Thermoelectric Parameters of Alloy p-Sis.7Ges.s 37

REFERENCES

1. Barbakadze K. (2022) Thermoelectric SiGe alloys. In: creation of a unified monolithic thermoelectric module
based on SiGe alloys to create thermoelectric generators of different electrical power, 21 p. Tbilisi.

2. LiY., Wahg G., Akbari-Saatlu M., Procek M., Radamson H.H. (2021) Si and SiGe nanowire for micro-
thermoelectric generator: a review of the current state of the art. Front. Materials, 8, 611078.

3. Ascencio-Hurtado R., Torres A. et al. (2022) N-type amorphous silicon-germanium thin films with embedded
nanocrystals as a novel thermoelectric material of elevated ZT. Alloys Comp., 890, 161843.

4. Zhang X., Bu Z. et al. (2020) Electronic quality factor for thermoelectrics. Sci. Advances, 6, eabc0726.

5. Snyder G., Toberer E. (2008) Complex thermoelectric materials. Nature Materials, 7: 105-114.

6. Zhao L., Fey F.Y. et al. (2017) Improvement of thermoelectric properties and their correlations with electron
effective mass in Cul.98S x Sel—x . Sci. Reports, 7,40436.

7. LiM., Sun Q. et al. (2021) Optimizing electronic quality factor toward high-performance Gei-x yTaxSbyTe
thermoelectrics: the role of transition metal doping. Adv. Materials, 33,2102575.

8. Pey Y., Shi X.A. et al. (2011) Convergence of electronic bands for high performance bulk thermoelectrics.
Nature, 473: 66—-69.

Received May, 2023

Bull. Georg. Natl. Acad. Sci., vol. 17, no. 3, 2023




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



