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In the framework of a six-ellipsoid Drabble-Wolfe model in the approximation of anisotropic
relaxation time depending solely on full energy of current carriers, the electric conductivity was
calculated for a physical model — two half-spheres contacting in a circle with regard to electron
scattering on the contact boundaries as applied to BiyTes. It is shown that the value of effective
electric conductivity of this material in the temperature range of 300 K and higher can be
maintained if contact radius exceeds 10.4 of mean free path of electron (hole), i.e. is at least
0.4 um. This result coincides with that obtained in the isotropic approximation. The reason for this
coincidence is a dependence of relaxation time tensor components on full energy of current
carriers. The same result is obtained for the radius of contact on which boundaries due to phonon
scattering the lattice thermal conductivity of Bi,Te; is reduced by 30 —40 % as compared to a
single crystal. As long as such contacts can arise between particles of radius 40— 80 pm, it
accounts for retention and even some increase of thermoelectric figure of merit when passing from
a single crystal to extruded material.

Key words: thermoelectric material, extrusion, figure of merit, electric conductivity, Drabble-Wolfe
model, relaxation time, lattice thermal conductivity, contact, boundaries, phonons, scattering, normal
processes, Umklapp processes.

Introduction

Bismuth telluride Bi,Tes is a thermoelectric material most commonly used for the manufacture
of working members of various thermoelectric instruments and devices [1]. It is characterized by well-
expressed electric conductivity and thermal conductivity anisotropy. Taking into account that this
crystal possesses R3m group symmetry and cleavage planes along which it easily splits, its thermal
conductivity and electric conductivity tensors have two independent components each. In particular, in
the absence of a magnetic field, electric conductivity tensor has component c;; in cleavage planes and
component 633 in a direction normal to them. The ratio 6;,/033 is 2.7 for p-type material and 4 + 6 for
n-type material. BiTe; is intermediate in the electric conductivity value between high-resistance
semiconductors traditionally used in radio electronics and computer technique, such as germanium and
silicon, and semimetals, such as bismuth. The band spectrum of this crystal is anisotropic and
described by a six-ellipsoid Drabble-Wolfe model [1].

Due to conductivity anisotropy, thermoelectric modules of solid single crystals Bi,Te; are made
so that temperature gradient and electric current are parallel to cleavage planes, where conductivity
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value is higher than in the direction perpendicular to them. Alongside with single crystals, extruded
materials that may consist of particles with oriented or random cleavage planes are used for the
manufacture of thermoelectric modules. With a random arrangement of cleavage planes, the electric

conductivity of material in conformity with the Odelevsky formula will make ¢ = /c,,5,, , i.e. will be

lower than the largest value. Further electric conductivity reduction can be due to current carrier
scattering on the boundaries of small contacts between particles. These factors should have resulted in
thermoelectric figure of merit reduction. However, in real practice this reduction is not observed.
Hence, a mechanism must exist which assures electric conductivity retention and lattice thermal
conductivity reduction at charge carrier and phonon scattering on the boundaries of contacts between
the particles. Without a detailed account of electric conductivity anisotropy this mechanism was
considered in [2, 3]. Our purpose in this paper is to analyze this mechanism with regard to real
anisotropy of band spectrum of charge carrier and electric conductivity, as well as thermal
conductivity of Bi,Te;.

Consideration of the problem of electrons (holes) anisotropic scattering on contact
boundaries in the approximation of power dependence of relaxation time on energy

Consider this problem within the framework of a model of two half-spheres of radius R (r << R)
contacting in a circle of radius ». This model can approximate the shape-forming element of extruded
thermoelectric material structure [4]. For this purpose, using the results given in [1], we first write
general formulae for single crystal electric conductivity components 61, and 633, To accomplish this,
we predetermine relaxation time tensor components in the approximation of constant mean free paths
in the directions of principal axes of ellipsoids by means of full energy of current carriers. These
components are:

has\m
T3 = T

In this formula, /1, [, /5 are charge carrier mean free paths in respective directions, m" is density-

(1)

of-state effective mass, ¢ is full energy of charge carriers. Such an approach corresponds to “nearly
isotropic scattering” whose anisotropy is taken into account by means of different lengths /y, b, /.
Substitution of density-of-state effective mass into formula (1) unambiguously follows from the model
assumption of relaxation time tensor components dependence on full energy of charge carriers.

With this relaxation time tensor, according to [1], components of electric conductivity tensor for
nondegenerate charge carrier gas are equal to:

4 2
S e e (12 " cos? 9+ 21 sin® 9]. 2)

c511

 myTm’ (k,T)" m, m;
8 2
Gy = €ny \/:n]msz/z [&ll Sin2 9 +ﬂl3 COS2 Sj (3)
mzx/Em (kyT)"\my my

In these formulae, m,, m,, m; are effective masses of charge carriers along the principal axes
of ellipsoid, 9 is the smallest rotation angle of ellipsoid up to coincidence of its long axis with
crystal trigonal axis, kp is the Boltzmann constant, T is absolute temperature, n, is charge carrier
concentration, the rest of designations are generally accepted or explained above.

6 Journal of Thermoelectricity Ne3, 2013 ISSN 1607-8829



P.V. Gorsky, [V.P. Mikhalchenko)
Effect of thermoelectric material anisotropy on the electric conductivity and lattice...

In the temperature region relevant for thermoelectric applications scattering mainly occurs on the
deformation potential of acoustic phonons. In this region, /, b, s o« T, so finally we get the known
dependence o oc 777 which in reality is somewhat distorted by the temperature dependence of
respective effective masses.

Thus, formulae (2) and (3) fully determine electric conductivity tensor of Bi,Te; single crystal in
the absence of a magnetic field. Account in these formulae of scattering on contact boundaries
presents no special problems. However, of crystal parameters in these formulae only all the effective
masses and angle 3 are known with certainty, for they are parameters of band structure which is
reliably studied through measurement of de Haas-van-Alphen and de Haas-Shubnikov effects. As to
mean free paths /), [, &3, they depend on acoustic phonon deformation potential tensor components.
The band structure determines only the bulk component of this tensor [5], whereas in crystal with
well-expressed cleavage planes the shear and bend components are also essential. So, it is worthwhile
to write formulae (2) and (3) in such a form in which unknown parameters could be determined, for
instance, from the data on electron and hole mobility.

Passing from the electric conductivity tensor to charge carrier mobility tensor, we write its
components as follows:

A el 5 \/E @)
11,33 \/W .

In these formulae, in conformity with (2) and (3), charge carrier mean free paths determined by
known mobility values are equal to:

4. /mm m m )
L, =%{12 +—21 cos* § +—21, sin’ SJ. )
\2m m, m my
8
L, = ﬂ{ﬂll sin’ 8-‘1-&[3 cos’ 9}. (6)
\2m m, \ My ;s

Let us now discuss charge carrier scattering on contact boundaries. Using the summation rule of
inverse mean free paths, we find the ratio between mobilities 5, and b,, determined with regard to

scattering on contact boundaries and mobilities determined by formula (4):

. 1 t%F k2" +1+2zcos@
b11,33 b11,33 Z*J.J. L33 5 zdodz. @)
T 0 14k ;542" +1+2zc080

In these formulae, ki; =r/Ly1, k33 =r/L3;. Double integrals in them are due to averaging the
expression for mobility over phonon mean free paths inside a circle where half-spheres are contacting.
From formula (7) it follows that to maintain the mobilities in the form-shaping structural element at a
level of 90 % of their values in a single crystal, coefficients k;; and k;; must be at least 10.4. At
T =300 K for electrons substituting to (6) b;; = 1200 cm?/C-s, by1/by; = 5, m" =0.45 my [1], we obtain
Ly =38.7nm, L;; =7.7 nm, whence » =400 nm. Similarly for holes, substituting b,; =510 cmz/V's,
bi/byz=2.17, m =0.69 my we obtain L, =20.4 nm, L33 =7.6 nm, whence » =212 nm. So, finally
r =400 nm. Contacts of such dimensions can appear between particles of diameter 40 +~ 80 pm.

Let us next consider the possibility of lattice thermal conductivity reduction with phonon
scattering on the boundaries of said contact between half-spheres. Comparison of thermal conductivity
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and electric conductivity anisotropy figures for Bi,Te; shows that for maintenance of thermoelectric
figure of merit of extruded material at a level typical of a single crystal, the lattice thermal
conductivity due to phonon scattering on the boundaries of said contact in conformity with the
Odelevsky formula must be reduced by 30 —40 % as compared to a single crystal. Consider this
opportunity with regard to the following physical circumstances. First, in the region relevant for
thermoelectric applications the final lattice thermal conductivity of thermoelectric material in question
is largely caused by Umklapp processes at phonon-phonon scattering due to anharmonic component of
lattice vibrations, on the one hand, and discrete periodic crystal structure, on the other hand. Second,
normal processes, i.e. processes with retention of total pulse of phonon subsystem, making no direct
contribution to final lattice thermal conductivity, modify all other scattering processes, including
scattering on the boundaries, due to frequency redistribution of scattering probabilities [6, 7]. Thus, in
the region relevant for thermoelectric applications, in conformity with the purpose of this paper, in the
calculation of lattice thermal conductivity one should take into account three kinds of scattering
processes: Umklapp processes, normal processes and scattering on contact boundaries.

Consider first lattice thermal conductivity of Bi,Te; without regard to phonon scattering on
contact boundaries. Following [6] and normalizing phonon relaxation time for the time of normal

processes, components of lattice thermal conductivity tensor ), . of this material will be written as:

3npv), 1x“exp(x/e)( 1,2 jdx
323(21%739375o[exp(x/e)—l:l2 QIH,L(‘X) QtH,L(x)

Xy = 3

In this formula, indexes || and | refer to respective values in the direction parallel and
perpendicular to layers (cleavage planes), p is crystal density, v is sound velocity in it, y is the Gruneisen
parameter, 7 is the Debye temperature, 0 =7/Tp, Qy 1(x) and Qg .(x) is frequency polynomials
determined by mechanisms of scattering longitudinal and transverse phonons, respectively, and having in
this case the form:

Oy (x)=x"+p,x, )

0. = (Hm +3.1250°) x. (10)

As regards thermal conductivity dependence on material density, we note that formula (8) in
this respect is true for a simple cubic lattice with one atom in a unit cell. The actual Bi,Te; lattice is not
of that kind, but we have to replace it by such, provided the real material density is maintained.
Coefficient p was approximately calculated for a simple cubic lattice by Leibfried and Shlemann [6],
but, according to experimental data given in [6], even for materials with such a lattice it is not
universal. So, we will “derive” coefficients p from the real values of Bi,Te; thermal conductivity
tensor components [1], with the requirement that the latter coincide with the theoretical values (10)
with regard to (11) and (12). At ¥, =0.58 WmK, y;=145WmK, p=7859 kg/m®, y=1.5,
v = 2952 m/s, v, = 1867 m/s, T = 155 K and T =300 K we obtain p;, = 0.022, p, =2.177-10".

Let us now turn to calculation of material lattice thermal conductivity on condition of phonon
scattering on contact boundaries. Using summation rule of inverse relaxation times, we obtain the
following ratio between material thermal conductivity 7y, at scattering on contact boundaries and
single crystal thermal conductivity:
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In this formula, an additional designation is introduced

4
k* = I"",L’Yz (kBTD J (kBTD ] (12)
,L .
S L) U

From formula (11) it follows that for lattice thermal conductivity reduction by 30 —40 % due to

IO

phonon scattering on contact boundaries, k”* should make 69.6 +~167.7, and k; — 1008 +~2691. Therefore,
contact radius should make 0.4+ 1.1 um. In its lowest value this result coincides with the minimum

contact radius necessary for maintenance of electric conductivity of shape-forming element of extruded

material structure at a level of 90 % of single crystal electric conductivity. Thus, when passing from a

single crystal to extruded material, its thermoelectric figure of merit should not drop, and with size

optimization of shape-forming element of material structure this figure of merit can even increase.

Conclusions and recommendations

1.

In the drift approximation with regard to charge carrier scattering on acoustic phonons and the
boundaries of contact between material particles, as well as a real anisotropy of band spectrum and
electric conductivity of material it is shown that when passing from a single crystal to extruded
material, the electric conductivity of shape-forming element of material structure is maintained at a
level not less than 90 % of its value in a single crystal, if contact radius between half-spheres is at
least 10.4 of electron (hole) mean free path.

As applied to Bi,Te; at a temperature of 300 K it means that contact radius should be at least 0.4 pm,
and such contacts can appear between particles of diameter 40 + 80 pm.

. Retention or little change of thermoelectric figure of merit when passing from a single crystal to

extruded material can be attributed to the fact that at phonon scattering on the boundaries of
contact between half-spheres of shape-forming element, its thermal conductivity drops, whereas
electric conductivity even with regard to charge carrier scattering on contact boundaries is
maintained at the previous level.

Coincidence of these results with the results obtained in the isotropic approximation is due to the fact
that charge carrier relaxation time, though considered anisotropic, depends on their full energy, rather
than on each quasi-pulse component separately.

The same estimate for contact radius necessary for lattice thermal conductivity reduction due to
phonon scattering on its boundaries by 30 to 40 % as compared to a single crystal results if alongside
with scattering on the boundaries, one will consider normal processes together with Umklapp
processes related to phonon-phonon scattering.

The authors are grateful to academician L. Anatychuk for statement of the problem and

important critical remarks.

ISSN 1607-8829 Journal of Thermoelectricity Ne3, 2013 9



P.V. Gorsky,|V.P. Mikhalchenko |
Effect of thermoelectric material anisotropy on the electric conductivity and lattice...

References

1. B.M. Goltsman, V.A. Kudinov, and I.A. Smirnov, Semiconductor Thermoelectric Materials Based
on BiyTe; (Moscow: Nauka, 1972), 320 p.

2.P.V. Gorsky, V.P.Mikhalchenko, Reduction of Thermoelectric Material Lattice Thermal
Conductivity Using Shape-Forming Element Optimization, J. Thermoelectricity 1, 18 — 25 (2013).

3.P.V. Gorsky, V.P.Mikhalchenko, On the Electric Conductivity of Contacting Particles of
Thermoelectric Material, J. Thermoelectricity 2, 12 — 18 (2013).

4. A. Misnar, Thermal Conductivity of Solids, Liquids, Gases and Their Compositions (Moscow: Mir,
1968), 464 p.

5. V.F. Gantmakher, [.B. Levinson, Current Carrier Scattering in Metals and Semiconductors
(Moscow: Nauka, 1984), 350 p.

6. P.G. Klemens, Lattice Thermal Conductivity. — In: Solid State Physics. Advances in Research and
Applications. Vol. 7, pp. 1-98 (New York: Academic Press. Inc. Publishers, 1958), 526 p.

7. P.G. Klemens, Influence of Thermal and Phonon Processes on Ultrasonic Decay. — In: Physical
Acoustics. Vol 3. Part B. Lattice Dynamics. Ed. by W. Meson, pp. 244-284 (Moscow:Mir, 1968), 526 p.

Submitted 01.03.2013.

10 Journal of Thermoelectricity Ne3, 2013 ISSN 1607-8829




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


