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ABSTRACT: Thermoelectric modules can be used for thermal energy harvesting. Common rigid thermoelectric stacks usually contain heavy

metal alloys such as Bi2Te3. In order to substitute conventional materials and to reduce manufacturing costs, nontoxic, inexpensive and

abundant materials using low-cost processes are first choice. This study deals with polymer composites consisting of a polysiloxane matrix

filled with thermoelectric Sn0.85Sb0.15O2 particles in micrometer scale. Thin composite sheets have been prepared by doctor blade technique

and the Seebeck coefficient, the electrical and thermal conductivity, and the porosity were measured. Platelet-type particles, consisting of

Sn0.85Sb0.15O2-coated insulating mica substrate and globular Sn0.85Sb0.15O2 particles have been varied in size, coating thickness and were

mixed with each other in different ratios. The filler content was varied in order to maximize the figure of merit, ZT, to 1.9 3 1025 6 4 3

1026. Owing to their low raw material costs and the high degree of design freedom of polymer composites, one may use these materials

in thermoelectric generators for remote low-power demanding applications. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40038.
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INTRODUCTION

In order to convert waste heat from exhausts of combustion proc-

esses or in general from existing temperature gradients, for exam-

ple, from a human body, directly into electricity, thermoelectric

converters are under discussion.1–4 For the latter case, biometric

monitors and hearing devices are typical consumer applications.3,4

Furthermore, instead of converting solar energy by photovoltaic

cells, alternatively, thermoelectric generators can be used.5,6

Thermoelectric generators are abbreviated by TEG in the follow-

ing. They base on the Seebeck effect. Even though the Seebeck

effect has been known since 1821,7 still today TEGs cannot be

produced in a cost-effectively process, since the utilized raw

materials like Bi2Te3 or Sb2Te3 are rather expensive and the pro-

duction of devices is intricate.3 In addition to that, the effi-

ciency of TEGs is quite low.2,5

A measure for the thermoelectric efficiency is the figure of

merit, ZT:

ZT5
S2r
k
� T (1)

It depends on the squared Seebeck coefficient, S, the electrical

conductivity, r, the thermal conductivity, k, and the absolute

temperature, T.8,9 The Seebeck coefficient is a materials

constant, that depends on the charge carrier concentration, the

effective density of states and the interaction of the charge

carriers with the crystal lattice.10

On the materials side, today’s research focuses on the substitu-

tion of expensive materials with low-cost skutterudites,11 Half-

Heusler alloys,12 or doped metal oxides based on TiO2,13

SnO2,14 or donor-doped SrTiO3,15 with acceptable Seebeck coef-

ficients and high electrical conductivities. By appropriate doping

or thermal treatment, the charge carrier density, and therefore,

the Seebeck coefficient can be tailored. As the electrical conduc-

tivity is proportional to the charge carrier density and the

mobility of the charge carriers ZT reaches a maximum at

medium charge carrier density.16

In order to further reduce costs, one tries to substitute rigid ther-

moelectric modules, which are typically ceramics-based stacks

mounted as n- and p-type cubes, by new manufacturing

approaches that include electrochemical processes17 or by using

flexible polymers as a mechanical basis of a TEG.3,4,18 Polymeric

materials for printed TEG-structures are also under investigation.19

Electrically insulating polymers, like epoxy resins, polysiloxanes,

and polysilazanes become conductive by filling them with con-

ductive particles. The electrical conductivity increases by orders

of magnitude when the filler content reaches the percolation
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threshold and approaches a saturation value with further

increasing filler content. Both the saturation value and the

percolation threshold depend on the applied materials, their

morphology, and the size of the particles. Above the percolation

threshold, conductive paths form a network of conducting

particles in an insulating matrix. Their effective electrical

conductivity depends mainly on the coulomb barriers between

single particles.20–22

Filled polymers are, for example, in use to control the electrical

potential of high-voltage generators.23 They consist of a poly-

meric matrix like an epoxy resin filled with resistive metal oxide

particles with a diameter of up to 10 lm and different aspect

ratios.23 The conductivity ranges from r 5 10211 to 1028 Scm21.

Other applications of filled polymers are printed circuit board

tracks in electronic devices. They are characterized by highly con-

ductive filler particles of silver or copper (r � 104 Scm21) as

well as by moderately conducting particles for antistatic applica-

tions like floors in exhibition halls (r � 1024 Scm21).20,24

Conductive oxides, like stannic oxide, are typical n-type semi-

conductors for electronic applications.25,26 They are also known

as candidates for thermoelectric applications.27 Therefore, in

this study, tin-antimony-dioxide in a molar stoichiometry of

Sn0.85Sb0.15O2 was chosen as thermoelectric filler material.

Such thermoelectric composites enable to manufacture TEG

modules with a large degree of design freedom. For instance, it

has previously been described how a tubular TEG structure can

easily be designed by flexible (semicured) polymeric and metal-

lic strips as it is shown for instance in Ref. 28.

In order to optimize the figure of merit, ZT, of these composite

materials, the present work investigates the manufacturing process

and the performance optimization of composite layers for a TEG

application. An insulating polysiloxane matrix, which is filled with

thermoelectric Sn0.85Sb0.15O2 filler particles, is applied by a doctor

blade. The Seebeck coefficient, the thermal conductivity, and the

electrical conductivity of the composites have been determined for

different particle sizes, particle shapes, and particle filler ratios.

The resulting porosity of the composite layers have been measured

and compared to these thermoelectric parameters.

The aim of this investigation is to develop and characterize an

inexpensive and nontoxic thermoelectric material, which can

easily be manufactured by typical polymer manufacturing meth-

ods. It is NOT the intention of this work to achieve ZT values

of commercial thermoelectric materials, but to open the path

for flexible and very low-cost devices for energy harvesting for

autonomously operating low-power devices.

EXPERIMENTAL

Base Materials and Fabrication

The particle diameter of the powder filler material is in the

range of a few micrometers. Two different kinds of particle

shapes are compared in this study: globular Sn0.85Sb0.15O2 par-

ticles with a mean diameter of dg 5 1 and 10 lm, respectively,

as well as platelet-like Sn0.85Sb0.15O2 particles consisting of flat

electrically insulating mica substrates with a functional

Sn0.85Sb0.15O2 surface coating. For coated particles, two types of

insulating mica substrate were used—each with different mean

particle diameters of dm 5 7 and 25 lm and thickness of

tm 5 220 nm, respectively. This leads to huge contact areas

between single particles in the composite. The polymers were

applied by the doctor blade technique to align the particles by

shear forces and to reduce interparticular electrical resistances at

low filler contents.

A commercial polysiloxane matrix (Silres H62C, Wacker Chemie

AG) was used to manufacture the composite materials. This

polysiloxane matrix is state of the art for casting compound

application.29 It polymerizes at 200�C for 12 h by a polyaddi-

tion reaction. Polyadditional curing ensures that there is no

volume shrinkage due to generation of volatile components dur-

ing curing. All preparations were carried out at room tempera-

ture in ambient air. Toluene was used as a solvent to adjust the

viscosity for filler contents between 25 and 50 vol %. For lower

filler contents (15 and 20 vol %), fumed silica (1–5 wt %)

was used to avoid sedimentation of the particles, which have a

density of qplatelet 5 3.6 gcm21 and qglobular 5 6.5 gcm21. The

preparations were mixed up by a speed mixer (DAC 150 FVZ,

Hauschild) at 3000 rpm for 15 s, until the dispersions became

homogeneous. Afterwards, the preparations were applied by a

200-lm doctor blade on a separating foil (Pacothane, Pacothane

Technologies) and dried in the fume hood for 12 h to slowly

evaporate the solvent and to avoid blistering and cracking.

Then, the samples were cured in the furnace, again at 200�C for

12 h. The homogeneity of the composite specimens was checked

by optical microscopy.

Measurement Methods and Experimental Design

The composites were cut into strips of about 1–2 cm. Both

ends of the specimens were coated with silver adhesive for low

electrical contact resistances [Figure 1(a)]. The thickness of each

layer, t, was measured with a micrometer gauge. The width, w,

and resulting length, l, were determined with a caliper gauge.

The electrical resistances, R, of the layers were measured with a

multimeter (MM 7-1, Benning) or a “Megohmmeter” (M1501P,

Sefelec) with a defined applied field of 1 Vmm21. The electrical

conductivity of the composite, r, was calculated using sample

geometry and electrical resistance:

r5
1

R
� l

w � t (2)

The Seebeck coefficient, S, was determined by gluing the strips

between two brass blocks using an electrically and thermally

conductive silver adhesive. One of the brass blocks was posi-

tioned on a hotplate, the other one remained at room tempera-

ture [Figure 1(b)]. The distance between the hot and the cold

side was about 1 cm. Thermocouples (type k) were located at

the contact areas between sample and brass to measure the hot

and the cold temperature, Tc and Th, respectively. With the

resulting Seebeck voltage, US, the Seebeck coefficient, S, was cal-

culated by eq. (3):

S5
US

Th2Tc

(3)

After gluing the specimens on the brass blocks, the hotplate was

heated up to 200�C, and afterward, it cooled down passively
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(heater off) in �1 h to room temperature. During that proce-

dure, a dataset of Th, Tc, and US was recorded every 10 s and

the Seebeck coefficient, S(T), was calculated with T being the

average of Th and Tc. In principle, the Seebeck coefficient S is

not determined correctly by eq. (3), since the thermopower of

brass is not considered.30 However, its value of 20.49 lVK21 at

room temperature (T 5 300 K) and 20.13 lVK21 at 450 K can

be neglected compared to the Seebeck coefficient of

Sn0.85Sb0.15O2.

The thermal diffusivity, a, of the thermoelectric composite foils

was measured with Laser Flash Analysis (LFA 447, Netzsch).

The thermal diffusivity is highly anisotropic due to the aniso-

tropic filler material geometry, but only the in-plane thermal

diffusivity is of interest for the application. Therefore, 80 little

strips were cut out of one sample, rotated by 90� and stacked

together. The direction of the aligned platelet-type particles in

the resulting quadratic specimen is now cross-plane. The

strips were glued together with epoxy adhesive with special

care not to generate bonding gaps, which could distort the

measurements. Afterward, the samples were trimmed and

deflashed to fit for the LFA specimen holder.

The specific heat capacity, cp, was measured by dynamic scan-

ning calorimetry (Q100 DSC, TA Instruments) and the density,

q, was determined by the method of Archimedes. The porosity

in percentage, p, can be determined from the measured density,

q, and the density of the composite material, q0, as calculated

from the densities of filler and polymeric material:

p5 12
q
q0

� �
� 100% (4)

The thermal conductivity, k, can be calculated from the above-

determined variables as31:

k5a � q � cp (5)

Table I gives an overview over all measured parameters at differ-

ent filler mixtures and filler contents.

The electrical conductivity, r, and the porosity, p, were meas-

ured for six different filler contents in the polysiloxane matrix:

15, 20, 25, 30, 40, and 50 vol %. For each of these six filler con-

tent levels, two types of particles were admixed in five different

samples.

Figure 2(a) shows schematically the structure of both kinds of

particles. The first kind are platelet-like particles consisting of a

mica substrate (thickness mica tm 5 220 nm, diameter mica

dm 5 7 lm) coated with a Sn0.85Sb0.15O2 layer (coating thickness

tc 5 25 nm). Figure 2(b) shows an SEM image of these coated

platelet-type particles. The second kind of particles are globular

Sn0.85Sb0.15O2 particles without substrate (diameter dg 5 1 lm).

Figure 2(c) shows an SEM image of the globular particles.

Platelet-type and globular-type particles were mixed in volumet-

ric ratios of 100 : 0, 75 : 25, 50 : 50, 25 : 75, and 0 : 100.

Due to the thin samples (uncertainty of micrometer gauge) and

the electrical contact resistances the uncertainty is estimated to

be Dr 5 5%. In order to calculate ZT for all particle mixtures

and filler content variations, the Seebeck coefficient was meas-

ured for all samples with volumetric ratios of 100 : 0 and 0 :

100 for a filler content of 20–50 vol %, as well as for the mixed

particle samples at a filler content of 30 vol %. It was estimated

that the Seebeck coefficient is independent of the filler content;

Figure 1. (a) Scheme of a thermoelectric composite sample with Ag adhe-

sive for electrical characterization. (b) Test setup to determine the Seebeck

coefficient: The TEG composite sample is clamped on two brass blocks,

on which k-type thermocouples and a voltmeter are connected. One of

the brass blocks is heated on a hotplate.

Table I. Matrix of Prepared Samples and Type of Conducted

Measurement

Filler
content/vol
%

Volumetric ratio of globular : platelet particles

100 : 0 75 : 25 50 : 50 25 : 75 0 : 100

15 r, p, k r, p r, p r, p r, p

20 r, p, S, k r, p r, p r, p r, p, S

25 r, p, S, k r, p r, p r, p r, p, S

30 r, p, S, k r, p, S, k r, p, S, k r, p, S, k r, p, S, k

40 r, p, S, k r, p r, p r, p r, p, S

50 r, p, S, k r, p r, p r, p r, p, S

The filler content was varied from 15 to 50 vol %, the mixture ratio of
platelet-type and globular particles was varied in 25-vol % steps.
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therefore, the measured Seebeck coefficients at 30 vol % were

used for all filler contents. The measurement uncertainty for S

is estimated to be 610%, as a result of thermal and electrical

contact resistances in the measurement setup and the uncer-

tainty of the thermocouples (61%). The thermal conductivity,

k, was measured for all samples with volumetric ratio 100 : 0

and additionally for a filler content of 30 vol % for the ratios

75 : 25, 50 : 50, 25 : 75, and 0 : 100, respectively. The slope of k
at different filler contents at a particle ratio of 100 : 0 was used

to extrapolate the values of the remaining particle ratios. The

uncertainty of the thermal diffusivity is 3% according to the

manufacturer. Due to the thin composite samples, the uncer-

tainty of the calculated k is estimated to be 65%. For all sam-

ples, ZT was calculated from the measured and determined

values according to eq. (1). The uncertainty of ZT, DZT 5 21%,

was calculated by Gaussian error propagation out of Dr 55%,

Dk 5 5%, and DS 5 10%.

The composites that consist of pure platelet particles were further

investigated with respect to their electrical conductivity, by using

particles with larger mica substrate diameters, dm 5 25 lm, and

varying the Sn0.85Sb0.15O2 coating thickness (tc 5 25, 50, 80, and

120 nm). The filler content of the polymer matrix of these sam-

ples was 30 vol %. The globular particle composites were further

investigated concerning r, p, S, and k with bigger particles

(dg 5 10 lm) and mixing them with the previously used smaller

particles (dg 5 1 lm) in the volumetric ratios of 100 : 0, 75 : 25,

50 : 50, 25 : 75, and 0 : 100, respectively. These composite sam-

ples contain 50 vol % filler content in the polymer matrix.

RESULTS AND DISCUSSION

All measurements for r, k, and p were carried out at room tem-

perature. The presented Seebeck coefficients were determined at

a temperature of 50�C. The temperature dependence of these

four parameters is low and can therefore be neglected in the

range between 20 and 50�C.

Particle Shape Mixtures and Filler Content Variation

Figure 3 shows the parameters r, k, S, and p versus the filler

contents of globular particles in the polysiloxane matrix. The

figure of merit, ZT, which is computed concerning eq. (1) is

shown in this figure, too.

For a filler content of 15 vol %, the conductivity r15,100 5 3 3

10210 Scm21 is quite low but increases abruptly with a maxi-

mum of r 5 3.3 3 1021 Scm21 at 25 vol % and decreases

(slightly in the logarithmic scale) for even higher filler contents.

The sudden increase can be explained by percolation paths that

begin to form above a defined volume content of conductive

particles. Then, the samples become conductive with a slightly

increasing conductivity, a well-known phenomenon for polymer

metal or carbon mixtures.32,33 Above a filler content of 30%,

the porosity increases, which is due to the evaporation of tolu-

ene in conjunction with the low viscosity of the highly filled

matrix. As a result of the increasing porosity, above a filler con-

tent of 30 vol % the conductivity decreases again a little.

The thermal conductivity of the sample with a filler content of

15 vol % (k 5 0.35 Wm21K21) is already a bit higher than the

thermal conductivity of pure polysiloxane with k � 0.2

Wm21K21. It increases to 0.59 Wm21K21 and remains almost

constant not depending of the amount of added filler.

The Seebeck coefficient of the almost insulating sample at 15

vol % could not be measured. This is a well-known and often-

observed phenomenon when measuring Seebeck coefficients,

since it is difficult to measure small voltages on high-ohmic

sources.34,35 As soon as the percolation threshold is reached, the

Seebeck coefficient could be measured. It is between S 5 226

lVK21 and S 5 230 lVK21. Such filler-independent behavior

Figure 3. Electrical conductivity, r, thermal conductivity, k, Seebeck coef-

ficient, S, porosity, p, and figure of merit, ZT, of globular particles in a

polysiloxane matrix in dependence of the filler content between 15 and 50

vol %.

Figure 2. (a) Scheme of Sn0.85Sb0.15O2 filler particle types: coated platelet-

type particles with mica substrate and globular particles without substrate.

(b) SEM image of a Sn0.85Sb0.15O2-coated mica substrate. (c) SEM image

of globular Sn0.85Sb0.15O2 particles without substrate.
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was expected because the Seebeck coefficient is a materials

property that is defined by a potential difference and a tempera-

ture difference.36 Hence, it does not matter, whether one deter-

mines the voltage between two points of a homogenous film of

the material, or of a porous system, or even of small paths.37

The figure of merit, ZT, is calculated according to eq. (1). Its

behavior mirrors the conductivity. It reaches a maximum of 1.7

3 1025 to 1.9 3 1025 for filler contents between 25 and 30 vol

%. Obviously for globular particles, a filler content of about 30

vol % yields the highest figure of merit. For that purpose, the

following mixture experiments with globular and platelet par-

ticles were conducted with a filler content of 30 vol %.

Figure 4 shows the results. All specimens in Figure 4 consist of

30 vol % filler content. The electrical conductivity decreases the

higher the amount of platelet particles is. As the Seebeck coeffi-

cient, the porosity, and the thermal conductivity remain almost

constant, the figure of merit behaves again like the conductivity.

It decreases by about one order of magnitude from ZT 5 1.9 3

1025 for pure globular particles to ZT 5 2.3 3 1026 for pure

platelet-filler mixtures.

For the sake of completeness, the entire set of filler contents as

depicted in Table I was investigated. Figure 5 shows a three-

dimensional graph of the calculated figure of merit, ZT, accord-

ing to eq. (1). The filler content was varied from 15 to 50 vol

% and the particle type mixtures were varied in 25% steps anal-

ogously to Figure 4. The maximum figure of merit,

ZT30,100 5 (1.9 6 0.4) 3 1025, can be found at a filler content

of 30 vol % and a volumetric ratio of 100 : 0, that is, for purely

globular particles.

It becomes obvious that for these composite materials, ZT is

dominated by the electrical conductivity because r varies by

orders of magnitude with the filler content and the particle

type. The thermal conductivity varies only by factor of 2. Fur-

thermore, the Seebeck coefficients remain constant at different

filler contents (since the charge carrier density in the particles

remains constant). The Seebeck coefficient is independent of

the filler content as long as a conductive percolating network

exists in the composite material (above the percolation thresh-

old). Different filler contents in a polymeric matrix can be

Figure 4. Electrical conductivity, r, thermal conductivity, k, Seebeck coef-

ficient, S, porosity, p, and figure of merit, ZT, of mixtures between globu-

lar and platelet-type particles in a polysiloxane matrix at a filler content

of 30 vol %.

Figure 5. Figure of merit, ZT, of particle mixtures in a polysiloxane matrix at filler contents between 15 and 50 vol %. ZT is calculated acc. to eq. (1).
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interpreted as different numbers of parallel conductive path-

ways “diluted” by the insulating polymer matrix. The decrease

of both conductivities, r and k, is obviously correlated with

the increasing porosity of the composite materials. For k this

is not surprising, since porous polymers are typically used for

thermal insulation applications.38 In case of r, a slight negative

slope could be explained by a decreasing conductor cross sec-

tion in the composite material because of the presence of insu-

lating pores. The disproportional decrease of r of nearly one

order of magnitude is perhaps due to broader gaps between

the particles and therefore disconnected pathways in the perco-

lating network. As a conclusion, one may state that an increas-

ing porosity in the polymer composite yields a decreasing

figure of merit.

In case of low filler contents (15–20 vol %) aligned platelet-like

particles provide a stable electrical conductivity at low filler

contents in contrast to globular-like particles due to the shifted

percolation threshold.20 Composites with mixtures of globular-

like and platelet-like particles improve the electrical conductivity

of the polymer composite at low filler contents by two orders of

magnitude. This effect is again caused by a percolation thresh-

old further shifted to lower filler contents by using a mixture of

platelet-type and globular particles.20 Therefore, it may be pos-

sible to achieve acceptable conductivities at filler contents below

15 vol %. For higher filler contents (25 to 30 vol %), the plate-

let substrates do not show higher electrical conductivities. Glob-

ular particles with low intrinsic resistances lead to the highest

electrical conductivities between 3.3 3 1021 and 2.8 3 1021

Scm21, respectively, and therefore to the highest figure of merit,

with ZT 5 (1.9 6 0.4) 3 1025. As a conclusion, it must be addi-

tionally emphasized that globular particles do not lead to an

anisotropic polymer composite in contrast to aligned platelet-

like particles.

The achieved figure of merit of 1.9 3 1025 is low in contrast to

conventional inorganic thermoelectric materials reaching a fig-

ure of merit of almost 1, but it reaches the ZT range of current

polymeric solutions between 1025 and 0.25.37 For a specific

application, material and processing costs need to be weighted

up against the figure of merit and efficiency of the TEG. Metal

oxide particles and polysiloxanes are extremely inexpensive

commercial mass products and therefore ready for a cost-

efficient industrial use.

Improving the Properties of the Platelet-Type Particles

In order to improve the electrical conductivity of the polymer

composites containing coated platelet-like particles, it is obvious

to enlarge the diameter of the mica substrates, dm. By simulta-

neously maximizing the coating layers on these optimized sub-

strates, a greater volumetric ratio of insulating substrate

material and thermoelectric Sn0.85Sb0.15O2 can be obtained.

Figure 6 shows the electrical conductivity of composite materi-

als consisting of platelet-type particles with a substrate diameter

dm 5 7 lm and a substrate thickness tm 5 220 nm as well as

dm 5 25 lm and tm 5 220 nm, respectively. The substrate is

coated with a Sn0.85Sb0.15O2 functional layer. The coating thick-

ness is varied from tc 5 25–120 nm. The matrix material is the

same polysiloxane (Silres H62C, Wacker Chemie AG) as in the

previous test series. A filler content of 30 vol % was chosen. As

expected, the increase in the functional coating layer thickness

yields a slightly higher conductivity. However, this behavior

occurs only for tc 5 50 nm. Much lower conductivities are

found for tc 5 80 nm and tc 5 120 nm. This is astonishing at

first glance. One would have expected an increasing conductiv-

ity with increasing coating layer thickness. However, figure 7

helps to explain this behavior. The SEM images of these filler

materials show completely faultless functional coating layers in

Figure 7(a) (tc 5 25 nm) and Figure 7(b) (tc 5 50 nm) with

some particles on the surface. In Figure 7(c), one finds first

Figure 6. Electrical conductivity, s, of coated substrate particles with dif-

ferent functional layer thicknesses (tc 5 25, 50, 80, and 120 nm). The filler

content is 30 vol % in a polysiloxane matrix.

Figure 7. SEM images of platelet-type particles with different coating layer

thicknesses tc. (a) tc 5 25 nm. The coating layer is crack-free (b) tc 5 50

nm. The coating layer shows some particles at the surface. (c) tc 5 80 nm.

Cracks appear on the coating layer. (d) tc 5 120 nm. The coating layer is

cracked and delaminated.
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cracks growing in the surface coating and Figure 7(d) shows

that the functional coating layer is flaking off the substrate.

Therefore, it is assumed that by reaching a certain coating-

thickness, the functional layer cracks and flakes off the sub-

strate, yielding a lower conductivity.

The electrical conductivity of the sample with the particle

parameters tc 5 25 nm, dm 5 25 lm, and tm 5 220 nm is six

times higher than the conductivity of the sample with the

smaller particle diameter of only dm 5 7 lm. The conductivity

increase with greater substrate diameters, dm, could be caused

by fewer contact points between particles in the composite

materials in plane direction. Nevertheless, the cross plane con-

ductivity is decreasing with greater substrate diameters, dm, and

therefore, the anisotropy rises.

Improving the Globular Particles

In order to further increase the figure of merit of the composite

samples, globular-like Sn0.85Sb0.15O2 particles with a diameter

dg 5 10 lm were mixed with globular particles with dg 5 1 lm.

Different volumetric filler particle ratios in the polysiloxane

matrix were studied. The polysiloxane matrix (H62C, Wacker

Chemie AG) was filled with volumetric filler ratios of 0 : 100,

25 : 75, 50 : 50, 75 : 25, and 100 : 0 (dg 5 1 lm : dg 5 10 lm),

respectively.

Figure 8 shows data of the electrical and the thermal conduc-

tivity, of the porosity, and of the calculated figure of merit,

ZT. The Seebeck coefficient, S 5 229 lVK21, was not found to

vary significantly in these mixtures. With a higher volume

content of large particles (dg 5 10 lm), the porosity decreases

to a minimum of 3% at a volumetric ratio of 75 : 25. The

electrical conductivity and the thermal conductivity behave

inversely to the porosity and reach maximum values for the

same particle mixture ratio: 0.35 Scm21 and 1.14 Wm21K21,

respectively. The figure of merit increases with a higher

amount of large particles and lower porosity, but no outstand-

ing maximum appears. Between the ratios 50 and 100 vol %

of large particles, its value remains more or less the same:

ZT 5 1.0 3 1025, due to the similar behavior of thermal and

electrical conductivity.

It is known that maximum packing density of a monomodal

particle distribution is 64 vol %.39 This maximum shifts to

higher possible densities by using an ideal bimodal or even

higher modal particle distribution. Therefore, the viscosity

of a sample preparation with a bimodal particle distribution

is lower than a monomodal one of the same filler content.39

For practical application, this means that less toluene is

needed to control the viscosity of the preparations. Accord-

ingly, the porosity of the cured composites decreased as

well.

CONCLUSIONS

In summary, we find that the electrical and thermal conductiv-

ity of thermoelectric composite materials depend on shape and

size of the filler particles as well as on filler content and poros-

ity of the polysiloxane matrix. For lower filler contents, a mix-

ture of platelet-type and globular particles shows a significantly

better conductivity than pure globular particles. In the filler

content range between 20 and 30 vol %, the small intrinsic

resistivity of the globular particles without an insulating sub-

strate overbalances the good particle connections of aligned pla-

telets. Therefore, pure globular particles offer the highest

conductivity at 25–30 vol % filler content of about 3 3 1021

Scm21 as well as the highest figure of merit, of 1.9 3 1025. In

addition, globular particles offer no anisotropy like aligned pla-

telet particles, providing much more possibilities for application

and usage. Higher filler contents, 40 and 50 vol %, cause a high

porosity of the composite layers, due to low fabricating viscos-

ities and therefore a higher demand for toluene. This porosity

reduces the electrical as well as the thermal conductivity and

leads to a figure of merit decrease by about one order of magni-

tude. Therefore, porosity is not beneficial for this polymeric

thermoelectric solution. The use of other lower viscous matri-

ces, for example, epoxy resins, could offer a smaller porosity

due to the minor demand for a solvent.

Figure 8. Electrical conductivity, r, thermal conductivity, k, porosity, p, and figure of merit, ZT, of dg 5 10 lm and dg 5 1 lm globular particle mixtures.

The samples consist of 50-vol % filler content in a polysiloxane matrix.
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Using platelet-like substrates with a greater diameter and a

smaller thickness leads to better in-plane electrical conductivity.

However, the anisotropic behavior rises as well. By increasing

the functional coating layer thickness on the platelet substrate,

from 25 to 120 nm, the electrical conductivity does not increase

significantly. The reason is that functional coating layer cracks

and flakes off at higher thicknesses.

The maximum figure of merit of 1.9 3 1025 reveals a potential

for applications as TEG in energy harvesting low power demand-

ing sensor systems. The huge advantage compared to conven-

tional materials is the high degree of design freedom of polymers

combined with the extremely low cost compared to conventional

TEG materials. All further improvements to increase the figure

merit need to deal with very inexpensive, nontoxic and abundant

raw materials as matrix materials for the polymers.

Further investigations in thermoelectric composites are

suggested in the area of bimodal or higher modal fraction

distributions for maximizing the electrical conductivity and

minimizing the porosity at high filler contents. Furthermore,

alternative polymer processing routes like extrusion or casting

may lead to high filler contents without the need for a solvent

and consequently lower porosity.
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