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AND ITS IMPACT ON PREDICTED FIGURE
OF MERIT OF NANOSTRUCTURED THERMOELECTRIC MATERIAL

This paper deals with the four methods for averaging the electric conductivity and lattice thermal
conductivity of nanostructured thermoelectric material over the size of particles, namely effective
medium method with regard to the volume share of various-size particles, effective medium method
with regard to the fraction of various-size particles, simple averaging of kinetic coefficients with
regard to the volume share of various-size particles and simple averaging of kinetic coefficients with
regard to the fraction of various-size particles. These methods are used for the calculation of
dimensionless thermoelectric figure of merit of material with respect to a single crystal depending on
the most probable radius of its particle based on the model Rayleigh distribution. Moreover, for
comparison, dimensionless thermoelectric figure of merit of material is calculated on the assumption
of equal size of its particles. Calculations have been made for the case of Bi,Te; It is shown that
despite the difference in the results obtained by these methods, in all the cases there is an optimal
radius of thermoelectric material particle, whereby its dimensionless thermoelectric figure of merit is
maximum. This radius lies in the range of 0.02—0.04 um, and its respective dimensionless
thermoelectric figure of merit at 300 K is of the order of 2.08 + 2.12 with respect to a single crystal
on condition that cleavage planes of individual particles are oriented parallel to temperature
gradient and electric current, and there are no thermopower losses when passing from a single
crystal to nanostructured thermoelectric material.

Key words: nanostructured material, thermoelectric figure of merit, phonons, electrons, scattering,
relaxation time, normal processes, Umklapp processes, Rayleigh distribution, effective medium
method, averaging over size.

Introduction

Methods for determination of the effective kinetic coefficients of thermoelectric material produced
by hot pressing, extrusion or spark plasma sintering techniques via the kinetic coefficients of its component
particles or, in other words, its shape-forming elements, have been considered in a variety of theoretical
papers [1-4]. These methods can be divided into two big classes, namely the methods based on solving
phenomenological equations of electric and thermal conductivity for shape-forming elements and the
methods based on constructing from shape-forming elements of the so-called “effective thermoelectric
medium”. The former in the strict sense of the word is applicable only when the characteristic sizes of
shape-forming elements of material structure are much in excess of the characteristic mean free paths of
charge carriers and phonons, and, hence, their application to nanostructured thermoelectric materials based
on Bi,Te; provokes certain objections from the authors of this paper. These objections are as follows. First,
the mean free path, for instance, of electrons in BiyTe; at 300 K is of the order of 36 nm [5], hence,
phenomenological equations for electric potential distribution are hardly applicable to particles of
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comparable or, the more so, smaller dimensions. Second, the lattice conductivity of Bi,Te; at 300 K and
higher temperature is mainly caused by phonon Umklapp processes [6]. If such processes are available, the
relaxation time of phonons with their mutual scattering is a function of frequency ®, and, hence,
introduction of phonon mean free path in the usual sense of this concept is hardly possible, though some
formal parameter having dimensions of length and depending on scattering mechanisms, namely
() = vi(w), where v —average sound velocity in material, ©(®) — phonon relaxation time, can be
introduced. The disadvantage of this method is also the fact that the analytical solution of
phenomenological equations for arbitrary-shaped particles, the more so with account of thermoelectric
effects, is difficult or impossible, and one has to resort to somewhat artificial simulation of this shape. On
the other hand, the effective medium method also requires certain modification with regard to
thermoelectric phenomena. Some aspects of this problem have been considered in [4].

Taking into account the foregoing, our purpose in this paper is to consider and compare a
number of methods for determination of the effective kinetic coefficients of nanostructured
thermoelectric material with regard to size distribution of its particles. The methods in hand do not call
for solution of phenomenological equations of thermal conductivity and thermal conductivity for an
individual nanoparticle.

Kinetic coefficients of a nanoparticle as a function of its size

We first will determine the electric conductivity of an individual nanoparticle as a function of its
size. To simplify the calculations, the nanoparticle will be considered to be spherical. Moreover, we will
take into account that the electric conductivity of Bi,Te; at temperatures 300 K and higher is determined
by the acoustic phonon deformation potential scattering charge carriers. And for this case the
approximation of constant mean free path is valid. Therefore, the ratio between the electric conductivity

o,(r) of a nanoparticle of radius » and the electric conductivity o, of a single crystal will give:

c (r)/c :1.5“-(1”/16) B +22y+1y2dzdy. ()
’ ’ 0o (F/L)\Y +2zp+1+1

In this formula, /, is the electron mean free path. Double integral here results from averaging the

expression for the electric conductivity over the mean free paths inside the sphere. It can be shown that
within this approximation the thermopower is not changed, as long as both thermal diffusion flux and
electric current are proportional to relaxation time. Therefore, a change in thermoelectric figure of merit in
this case is completely governed by a change in the electric conductivity — thermal conductivity ratio.

We now turn to determination of lattice thermal conductivity of a nanoparticle with regard to
both phonon Umklapp processes and normal processes. The ratio between the thermal conductivity x,
of a nanoparticle of radius  and the thermal conductivity k, of a single crystal, provided its cleavage
planes oriented in parallel to temperature gradient in conformity with the results of [7-9] is determined

K/ K =1-5jjj z*x*exp(/0) (F/L*)VZZ_ZZy+1 +
o 00-1[exp(x/9)—1]2 1—+—(I”/L*)QZH (x)m
+ 2(r/L*)sz_22y+l ¢ x'exp(x/0) ( 1 n 2 J 71
e o 2w e @0 @)

by the expression:
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In so doing, L™ = ph4vH6/y2(kBT »)’, where p is the material density, v is the sound velocity in it
along the direction of cleavage planes, y is the Gruneisen parameter, kp is the Boltzmann constant,
Tp is the Debye temperature, 6 = 7/T)p, the rest of designations are generally accepted. Frequency
polynomials Oy (x) and Qy(x) are of the form:

0 (x)=x"+px, 3)
0. = (Hu + 3.12593)x. ()

where = 0.022 for Bi,Tes [7-9].

Determination of the effective kinetic coefficients of material as a whole

In the determination of the effective kinetic coefficients of nanostructured thermoelectric
material as a whole, for simplicity of calculations we will ignore the influence of material pores on
these coefficients, i.e. we will not consider the effects of tunnelling or charge carrier emission, as well
as convective and radiation mechanisms of energy transfer and the effects related to
intercommunication of pores. Then, with account of particle size distribution function w(r), these
coefficients can be determined by the four different methods.

The first method consists in using the Odelevsky formula [1] with regard to the volume share of
various-size particles. In this case the effective electric conductivity 6., and thermal conductivity k., of
material as a whole are determined as solutions of the following equations:

T Gef’_Gn(r) 3 _
.([—264 o (r)r w(r)dr =0, (%)
T Ky — K, (r) 3 _
! e () w(r)dr=0. (6)

The second method consists in using the Odelevsky formula with regard to the fraction of
various-size particles. In this case equations (5) and (6) acquire the form:

©

s, —o,(r) _
'([206/ +0, (r) w(r)dr—O, 2

T—K"f —, (7) w(r)dr=0. (8)

0 2Kef + K, (V)

The third method consists in averaging the electric conductivity and lattice thermal
conductivity over the volume share of various-size particles. In this case the effective kinetic
coefficients of nanostructured material are determined directly:

e

0

The fourth method consists in averaging the electric conductivity and lattice thermal
conductivity over the fraction of various-size particles. In this case the ratio (9) acquires the form:

oA )
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In Egs. (5) — (8) normalization factors are omitted because they have no effect on the results of
calculation of the effective kinetic coefficients, as well as in Egs. (9) and (10), because they have no
effect on the dimensionless thermoelectric figure of merit of nanostructured material with respect to a
single crystal whose calculation in the framework of the outlined methods is the purpose of this paper.

For concrete calculations we take particle size distribution function w(r) as follows:

w(r)zr%exp(—rz/hoz). (1D

0

This particle size distribution function is called the Rayleigh distribution, which has been
assumed because it is the simplest single-parameter distribution. Parameter 7, is the most probable

particle radius. This function, as it must be, satisfies normalization condition Iw(r)dr =1
0

With regard to (11), the relations (5) — (10) acquire the form as follows:

'([2Gef+c$n(r0\/5)\/t_exp( t)dt_O’ (12)

o)

[\

\/Texp(—t)dtzo, (13)

)exp(—t)dtzo, (14)

)exp(—z)dtzo, (15)

(z:/f}:]j ::E::g; \/Fexp(—t)dt, (16)

[Gefj_m o, (n2t)
%) ol (rV21)

The results of calculation of the dimensionless thermoelectric figure of merit of the bulk

exp(—t)dt. (17)
ef

nanostructured material based on Bi,Te; with respect to a single crystal using different methods of
determination of the effective kinetic coefficients are shown in Fig. 1.

It is seen from the figure that curves 1 and 3 coincide to a high degree of accuracy. This would
imply that in determining the effective kinetic coefficients of thermoelectric material via the kinetic
coefficients of shape-forming elements, instead of the Odelevsky formulae on condition of o = const one
can employ the usual averaging over the volume share of particles with regard to size distribution
function. In so doing, the maximum dimensionless thermoelectric figure of merit of the bulk
nanostructured thermoelectric material, on condition that particle cleavage planes are oriented parallel to
electric current and thermal flux, is a factor of 2.06 + 2.1 larger than the dimensionless thermoelectric
figure of merit of a single crystal and is achieved with the most probable particle radius 0.02 pm. Curves
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2 and 4 are also close to each other which means that in determining the effective kinetic coefficients of
thermoelectric material by the fraction of particles with regard to size distribution function, instead of the
Odelevsky formulae with a reasonable degree of accuracy one can also use the usual averaging of the
kinetic coefficients by the fraction of various-size particles. With such method of averaging, the
maximum dimensionless thermoelectric figure of merit of the bulk nanostructured thermoelectric
material is a factor of 1.076 + 2.082 greater than the dimensionless thermoelectric figure of merit of a
single crystal and is achieved with the most probable nanoparticle radius 0.02 +~ 0.03 um. Curve 5 has
been constructed on the assumption of equal size of all nanoparticles. In this case the maximum
dimensionless thermoelectric figure of merit of the bulk nanostructured thermoelectric material is a
factor of 2.12 greater than the thermoelectric figure of merit of a single crystal and is achieved with
nanoparticle radius 0.03 um. Hence it follows that the method of averaging in determining the effective
kinetic coefficients of the bulk nanostructured thermoelectric material scarcely affects the predicted
value of its dimensionless thermoelectric figure of merit, but markedly affects the estimation of the
optimal value of the most probable particle radius.

(ZT)nano/(ZT)mono

1.2

0 0.1 0.2 0.3 0.4 rp pm

Fig. 1. Dependence of the dimensionless thermoelectric figure of merit of the bulk nanostructured
thermoelectric material based on Bi,Te; on the most probable particle radius with different methods
of determination of the effective kinetic coefficients. Curve numbers 1 — 4 correspond to conventional serial
numbers of averaging methods described in the text. Curve 5 corresponds to the case
of zero particle size dispersion, where there is no need in averaging.

If equivalent-result methods for averaging over the volume share of particles with regard to size
distribution function are assumed to be most correct, then the optimal value of the most probable particle
radius of the bulk nanostructured thermoelectric material is 0.02 pm.

Conclusions and recommendations

1. This paper is concerned with the four methods of taking into account the size distribution of the
bulk nanostructured thermoelectric material particles in determining its dimensionless
thermoelecric figure of merit with respect to a single crystal.

2. The most correct are equivalent-result methods for determination of the effective kinetic
coefficients of the bulk nanostructured thermoelectric material as a whole via the kinetic
coefficients of shape-forming elements using the Odelevsky formulae with regard to the volume
share of various-size particles and by simple averaging the electric conductivity and lattice thermal
conductivity over the volume share of various-size particles. In this case, the maximum
thermoelectric figure of merit of the bulk nanostructured material is about 2.1 times greater than the
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thermoelectric figure of merit of a single crystal and is achieved with the most probable particle
radius equal to 0.02 pm.

3. Determination of the effective kinetic coefficients of the bulk nanostructured thermoelectric
material using the Odelevsky formulae with regard to the fraction of various-size particles and by
simple averaging the electric conductivity and lattice thermal conductivity over the fraction of
various-size particles yields the dimensionless thermoelectric figure of merit of the bulk nanostructure
material which is about 2.076 + 2.082 times greater than the thermoelectric figure of merit of a
single crystal, this value being achieved with the most probable particle radius equal to 0.03 um.

4. Determination of the effective kinetic coefficients of the bulk nanostructured material with neglect
of size particle distribution yields the dimensionless thermoelectric figure of merit of the bulk
nanostructured material 2.12 times greater than the thermoelectric figure of merit of a single crystal
which is achieved at particle radius equal to 0.04 um.

5. Thus, the method of averaging over particle size in determining the effective kinetic coefficients of the
bulk nanostructured material with neglecting the influence of pores and tunneling effects scarcely affects
the predicted maximum value of the dimensionless thermoelectric figure of merit of the bulk
nanostructured material, but markedly affects the optimal value of the most probable radius of its particle
that should be approached. Therefore, the most probable radius equal to 0.02 um should be considered
optimal on condition that size distribution of material particles is the Rayleigh distribution.

References

1. N.S. Lidorenko, O.M. Narva, L.D. Dudkin, and P.S. Yerofeev, Effect of Porosity and Quality of
Intergrain Boundaries on the Electric and Thermal Conductivity of Semiconductor Thermoelectric
Materials, Inorganic Materials 6,2112 —2117 (1970).

2. L.P. Bulat, D.A. Pshenai-Severin, Tunneling Effect on the Thermoelectric Figure of Merit of the
Bulk Nanostructured Materials, Semiconductors 52,2010, 452.

3. L.P. Bulat, V.V.Osvensky, Yu.N.Parkhomenko, and D.A. Pshenai-Severin, Study on the
Possibilities of Thermoelectric Figure of Merit Improvement in Nanostructured Materials Based on
Bi,Te;-SbyTes, Physics of the Solid State 54,20 — 26 (2012).

4. A.A. Snarskii, A.K. Sarychev, I.V. Bezsudnov, and A.N. Lagarkov, Thermoelectric Figure of Merit
of the Bulk Nanostructured Composites with Distributed Parameters, Semiconductors 46,
677 — 683 (2012).

5. B.M. Goltsman, V.A. Kudinov, and I.A. Smirnov, Semiconductor Thermoelectric Materials Based
on Bi;Te; (Moscow: Nauka, 1972), 320 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.V. Gorsky, V.P.Mikhalchenko, Reduction of Thermoelectric Material Lattice Thermal
Conductivity Using Shape-Forming Element Optimization, J. Thermoelectricity 1, 18 — 25 (2013).

8. P.V. Gorsky, V.P.Mikhalchenko, On the electric conductivity of contacting particles of
thermoelectric material, J. Thermoelectricity 2, 12 — 18 (2013).

9. P.V. Gorsky, V.P. Mikhalchenko, Effect of Thermoelectric Material Anisotropy on the Electric
Conductivity and Lattice Thermal Conductivity of its Contacting Particles, J. Thermoelectricity 3,
5-10(2013).

Submitted 28.03.2013.

10 Journal of Thermoelectricity Ne4, 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


