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PROSPECTS OF LOW DIMENSIONAL ORGANIC MATERIALS
FOR THERMOELECTRIC APPLICATIONS

The aim of the paper is to present briefly the state-of-art and to analyze the prospects of
thermoelectricity based on organic materials. It is shown that low dimensional nanostructured
organic crystals have the highest prospects for thermoelectric applications. In these crystals, the
density of electronic states is increased due to the low dimensionality of carrier spectrum and the
interdependence between electrical conductivity, thermopower and the electronic thermal
conductivity is somewhat overcome due to more diverse internal interactions. The thermoelectric
properties of tetrathiotetracene—iodide crystals, TTT,l; are analyzed in the frame of a more
complete 3D physical model and the optimal parameters are determined in order to achieve values
of the thermoelectric figure of merit at room temperature of ZT ~ 2 and even higher.
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Introduction

The search and investigation of new materials with increased thermoelectric figure of merit, ZT,
continue to be an important and actual problem of solid state physics. In this domain during the last
decade impressive results have been obtained. A value of ZT ~ 2.2 at 800 K was reported [1] in
complex chalcogenide compounds of the type AgPby,SbTe,.m. ZT ~ 2.4 has been measured [2] at room
temperature in p-type Bi,Tea/Sh,Te; superlattice structures. Harman [3] has obtained ZT ~ 3 in PbTeSe
guantum dot superlattices [3], and even ZT ~ 3.5 [4, 5]. It is known that for ZT > 3 the thermoelectric
generators and refrigerators become economically competitive with those that are usually used
nowadays. But the thermoelectric devices have evident advantages: no mechanical wear, long life,
high reliability, no environmental pollution, noiseless operation. Therefore, the obtaining of materials
with ZT > 3 is a big progress in this area. However, in spite of these impressive results, there are many
difficulties for their practical applications, because the technology to obtain such structures is
complicated, expensive and can not be applied for large scale production. Now the used thermoelectric
materials have still low efficiency. Therefore, the commercialization of thermoelectric devices has still
limited applications. Nevertheless, mass production of miniaturized thermoelectric modules has
succeeded to maintain constant temperatures in the operation of laser diodes [5], seat heatings
fabricated by Gentherm Corporation and installed in hundreds of thousands of vehicles each year
[6, 7], portable beverage coolers [8] and other applications.

In the last years organic compounds attract more and more attention as materials which are less
expensive, have more diverse and often unusual properties in comparison with their inorganic
counterparts and their molecular structure can be easily modified to tune the desirable physical and
chemical properties. Besides, the organic materials usually have low thermal conductivity due to their
mainly dispersive interaction.
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In poly3,4-ethylenedioxythiophene (PEDOT) doped by polystyrenesulphonate (PSS) thin films
of p-type conductivity a value of the thermoelectric figure of merit ZT = 0.42 at room temperature has
been measured [9] by optimizing the carrier concentration. It is reported also a value of ZT = 1.02 in
PP-PEDOT/TOS [10] films, but the value of the thermal conductivity is taken from another study and
thus has not been confirmed for the reported films of higher electrical conductivity. For n-type
materials the best result is obtained in powder-processed inorganic hybrid polymer, poly[Kx-(Ni-ett)],
with a ZT = 0.2 at 400 K [11].

It is expected that the nanocomposites of organic and inorganic components may have an even
better thermoelectric performance than their individual components [12-16]. But no significant
improvement in the figure of merit of this material class has been achieved until now. In PEDOT-
based nanocomposites ZT varies between 0.02 and 0.1 [17]. The highest value of ZT = 0.57 at room
temperature was measured in phenyl acetylene-capped silicon nano particles [18].

Different theoretical models describing the thermoelectric transport in organic materials have
been also developed [19-24]. Ref. [24] should be mentioned explicitly, because a value of ZT ~ 15 at
room temperature has been predicted in molecular nanowires of conducting polymers in spite of
hopping conducting mechanism that usually leads to smaller carrier mobilities than band transport.

In highly conducting quasi-one dimensional (Q1D) organic charge transfer crystals we have
predicted even higher values of ZT ~ 20 under some conditions [25, 26]. However, all predictions were
made on the base of a strictly one dimensional physical model. In existing Q1D crystals of
tetrathiotetracene-iodide, TTT,l3, grown from solution [27] with measured electrical conductivity
oy = 1.8:10° Q'm™, Seebeck coefficient S, = 39 uV/K and thermal conductivity s, = 1.0 Wm™K™*
along the conductive chains only ZT = 0.1 was obtained at room temperature [28]. Such low value of
ZT is explained by the fact that the crystals were not very pure and the parameters were not optimized.

More detailed modelings of the thermoelectric properties of TTT,l; crystals, taking into account
the interchain interaction in 2D approximation were also presented [29-31]. It was shown that in not
very perfect crystals the results obtained by 2D and 1D approximation are very similar. First
theoretical calculations in a more comprehensive 3D physical model have been partially realized in
[32] and [33].

The aim of this paper is to present detailed modeling of the thermoelectric properties in the most
complete 3D physical model and to determine realistic values of the thermoelectric figure of merit in
TTT.l; crystals with enhanced degree of purity. The criteria, when the simpler 1D model can be
applied will be elucidated.

Three-dimensional crystal model for TTTals

From the structural point of view the Q1D crystals of tetrathiotetracene-iodide, TTT,ls, are
formed from segregate stacks or chains of TTT molecules and iodine [30]. However, only TTT chains
are conductive due to considerable overlap of © — electron wave functions along their stacking

direction. Two molecules of TTT supply one electron to the iodine chain formed from 1, ions which

play the role of acceptors. The electrons on |, ions are in a rather localized states and do not

participate in the transport. Thus, the carriers are holes. The electrical conductivity along TTT chains is
almost of three orders of magnitude bigger than in transversal directions. Previously, due to this
property the simpler 1D physical model was used [34-36] and the crystal was considered to be formed
from independent 1D chains packed into a 3D crystalline structure. However, in reality some
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additional interaction between the 1D conductive chains exists. Of course, this interchain interaction
will affect somehow the results of the 1D approximation, especially in crystals with high degree of
purity, when this interaction will limit the carrier mobility. Therefore, it is very important to determine
the effect of interchain interaction on the thermoelectric properties in real crystals and, in this regard,
to determine the criteria, when the simpler 1D model is still valid.

The charge and energy transport are described in the tight binding and nearest neighbors
approximations. In the 3D model the energy of the hole with the quasi-wave vector k and its
orthogonal projections (ky, ky, k,), measured from the top of conduction band, has the form

E(k)=-2w, (1-cosk,b) - 2w, (1-cosk a) — 2w, (1 - cosk,c), 1)

where wy, Wy, Wz are the hole transfer energies from a given molecule to the nearest ones along lattice
vectors b, a, c, the axes x, y, z are directed along b, a, ¢, the conductive chains are directed along b,
therefore it is considered that w; is much bigger than w, and ws.

Only longitudinal acoustic phonons are taken into consideration with the dispersion law

o = of sin(bq, / 2) + @5 sin(aq, / 2) + w§ sin(cq, / 2), (2

where the quasi-wave vector g has the projections (gx, 0y, 0;), and w1, w, and w5 are the limit
frequencies in the X, y and z directions. Due to the quasi-one-dimensionality w; is much bigger than w,
and ws.

As in previous 1D and 2D cases, two of the most important interactions of holes with acoustic
phonons are considered, generalized for the 3D case. One interaction is similar to that of deformation
potential with three coupling constantsw;, w, and w; determined by the variation of transfer energies

with respect to intermolecular distances. The second interaction is similar to that of a polaron and is
caused by the induced polarization of molecules surrounding the conduction hole. The coupling
constant of this interaction is determined by the mean polarization of the molecules ay.

The square of matrix element module describing the hole-phonon interaction has the form

|A(k,q)|2 =21/ (MN o, ){w;*[sin(kb) —sin((k, —q,)b) +v, sin(q,b)]* +

+w,’[sin(k,a) —sin((k, —q,)a) + v, sin(q,a)]* + ws’[sin(k,c) —sin((k, —q,)c) + v, sin(q,c)I’}. (3)

Here M is the mass of TTT molecule, N is the number of molecules in the basic region of the
crystal. The parameters y; v, and y; have the meanings of amplitudes ratios between the second
interaction and the first one along the chains and in transversal directions

y, = 26%a, [ (B°W)), v, =2€%a, /(a°W}), v, = 2670, / (C°W}), (4)

where e is the elementary charge.

The scattering of holes by impurities is considered as point like and neutral is also taken into
account. The impurity scattering rate is described in this case by a dimensionless parameter Do which
is proportional to the impurity concentration and can be assumed very small, if the crystal purity is
rather high. The variation of wave vectors k and q is considered in the whole Brillouin zones for holes
and phonons, because the conduction band is not very large and the Debye temperature is relatively
low for organic materials.
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Transport properties

Let a weak electrical field and a weak temperature gradient be applied along the conductive
chains. At room temperature it is possible to neglect the phonon energy and the transversal Kinetic
energy of the hole in the scattering processes, because they are much smaller than the kinetic energy of
the hole along the chains. Then, the linearized kinetic equation is solved analytically and the electrical
conductivity oy, the Seebeck coefficient S, the electronic thermal conductivity x;, and (ZT)« can be

expressed through the transport integrals R, as follows

Ky = [8W] 00 I(€°T)I(Ry = RZ 1 Ro) , (ZT) i = 0 ST iy + 655 (6)
where
oo = (2e2MVAWSr) /(% habe(koT) 2 w;?), (7

With r = 4 being the number of molecular chains contained in the transversal section of the
elementary cell, k., is the lattice thermal conductivity, v, is the velocity of sound along the chains
and R, are the transport integrals

T

2 b
R, = J‘dsjdnj.dgg(Z—s)nm,g @-n,,)x
0 0 0

y [e+d,(1—cosm)+d,(1—cosc)—(L+d,+d,)e.]" .
ylz(s—go)2 + D, +{d12(1+ y§ +2sin’n— 2y,cosn) + d22(1+ y§ +2sin’¢— 2y,C08¢)}/ (8e(2—¢))

(8)

Here, in order to compare with the 1D model, new dimensionless variables ¢ = (1 - cos(k,b)),

n = kya and ¢ = k,c were introduced, n,,, is the Fermi distribution function in this new set of variables,
g, =(y, —1) /vy, is the dimensionless resonance energy in the relaxation time in units of 2w, d;
= Wolwy = W, /wy, da = walwy = wy /wy, e = Ef/2w; is the 1D Fermi energy in units of 2w;. The 3D
Fermi energy will be 2w;(1+d;+d,)er. The parameter Do describes the hole scattering by impurities
Mv?

> ©)

Dy =nPIAVf ——
T apacw, 2 k, T

where nf;? is the density of impurities, | is the height of impurity potential and V, is the domain of

potential action.

If we put in (8) d; = 0 and d, = 0, the integrals for  and ¢ can be calculated analytically and the
results of the previously discussed 1D model are obtained. It can be seen that in this case the
expression in the integral in (8) has a maximum for & close to &, and this maximum can be rather high,
if Do is sufficiently small. It is a consequence of mutual compensation of the two mentioned hole-
phonon interactions for states in the conduction band close to g. In the 1D case this maximum is
limited by Do. Now the maximum is limited also by the rate of interchain scattering. Therefore, it
becomes important to determine the criteria, when the entertain scattering will predominate, and
further crystal purification will not yield better results.

In order to determine the parameters d; and d, we have calculated the electrical conductivity in
the transversal directions oy, and c,,. Along these directions the overlap of hole wave functions is very
weak and it is more convenient to write the Hamiltonian of the system in the representation of
localized states at TTT molecules. Respectively, for the y and z direction the most important term in
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the Hamiltonian becomes the hole-phonon interaction and the term which describes the motion of
holes in the periodic lattice potential is considered as small perturbation. Therefore, a canonical
transformation is applied to the Hamiltonian which permits to take into consideration the main part of
the hole-phonon interaction already in the zero approximation. This also leads to considerable
narrowing of the initial conduction band along the conductive chains. As a consequence, in the
transversal directions the transport becomes of hopping type and the carriers can be described as small
polarons.

Expressions for oy, and o, were calculated numerically. By comparing them with the
experimental data of 6,y ~ 6, = 3.3 Q'em™, it can be estimated that w, = ws = 0.015w;. These values
are of the same order because the lattice constants a and ¢ in y and z direction are very close to each
other.

Results and discussion

Expressions (5)—(8) have been calculated numerically for quasi-one-dimensional organic
crystals of TTT,l; with different degrees of purity. The crystal parameters are: M = 6.5-10°m, (m, is the
mass of the free electron), a =18.35 A, b = 4.96 A, ¢ = 18.46 A, vy, = 1.5-10° m/s, w; = 0.16 eV,
W, =0.26 eVA™, r = 4, d; = d, = 0.015, ky, = 0.6 WK'm™. The mean polarizability of TTT molecules
was taken as in [30] ao = 45 A® and this leads to v1 = 1.7. The parameters y, and y; were calculated
after (4). For the parameter Dg the following values were chosen: 0.1 which corresponds to crystals
grown by gas phase method [37] with stoichiometric electrical conductivity o, ~ 10° Q™'m™; 0.02
which correspond to purer crystals grown also by gas phase method with somewhat higher
o ~ 3-10° O'm™, and 0.005 which corresponds to even more perfect crystals with o, ~ 6.6-10° Q™*m™ not
obtained yet.

In Fig. 1 the dependences of electrical conductivity along chains oy as functions of
dimensionless Fermi energy er in units of 2w, are presented for these values of Dy.
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Fig.1. Electrical conductivity o, along chains as a function of Eg for y; = 1.7.

It can be seen that for not very pure crystals which corresponds to Dy = 0.1 the results of the 3D
model coincide with those of simpler 1D model in the entire region of e variation. Even for purer
crystals, i.e. Dy = 0.02 the deviation of 3D model from the 1D model is still negligible. In these cases
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the carrier mobility is limited by scattering at impurities, the scattering on adjacent chains does not
give important contribution to o, and the simpler 1D model may be used instead. In case of the purest
crystals with stoichiometric electrical conductivity o, ~6.6-10° Q*m™ the deviation between 3D
model and 1D amounts to ~ 18%. Now the carriers’ scattering on adjacent chains gives significant
contribution to o, and the 3D model must be used.

In Fig. 2 the dependences of thermopower (Seebeck coefficient) along chains S, on Fermi
energy at room temperature are presented. It is seen that the results of the models for 3D and 1D are
very close across the whole interval of e variation.
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Fig. 2. Thermopower S, along chains as a function of Eg for y; = 1.7.

As it is seen from (5), Sk is proportional to the ratio of transport integrals Ri/R, and therefore is
less sensitive to the interchain interaction. For stoichiometric crystals (e ~ 0.35) Sy weakly depends

on crystal perfection and takes values between 35 and 40 uV/K as it is observed experimentally. With
the decrease of ¢ from the stoichiometric value, S, grows considerably that is favorable for the
improvement of the thermoelectric properties.

In Fig.3 the dependences of the electronic thermal conductivity along chains «;, on Fermi

energy at room temperature are presented. It is seen that for crystals to which it corresponds Dy = 0.1
and 0.02 with stoichiometric electrical conductivity o, ~10° Q™'m™ and o, ~3-10° Q'm?
respectively, predictions by the 3D and 1D model practically coincide. Only in the case of the purest

crystals when Dy = 0.005 a diminution of «, by about 5% with respect to the 1D model is observed,
less than in the case of oy, Where the diminution was ~ 18%. But the contribution of «, to the total
thermal conductivity has increased considerably. Even in less pure stoichiometric crystals «j, is
5.5 times bigger than «., and up to 20 times in the most perfect crystals. This means that practically

all thermal conductivity relates to the electronic part. It is also seen that the maxima of x, are

displaced to higher values of e with respect to the maxima of o,. This ensures a decrease of the
Lorenz number in the interval of - which is important for the increase of the thermoelectric figure of
merit ZT and thus is favorable for the improvement of the thermoelectric properties.
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Fig.3. Electronic thermal conductivity along chains -y,

as a function of Eg for y; = 1.7.

The dependences of the thermoelectric figure of merit along chains ZT on Fermi energy at room
temperature are presented in Fig.4.
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Fig.4. Thermoelectric figure of merit ZT along chains
as a function of Eg for y; = 1.7.

It can be seen that for crystals with Dy = 0.1 and 0.02 the results of 1D and 3D model practically
coincide. But for the most perfect crystals (D, = 0.005) the deviation between the 3D and 1D model
becomes important. The decrease of ZT in the 3D model with respect to the 1D one achieves 10%,
16% and 40% for e = 0; 0.2 and 0.35, respectively. In stoichiometric crystals (with sz ~0.35) ZT
takes very small values even in the most perfect crystals, because the values of the Seebeck coefficient
amount to ~ 40 puV/K and thus are very small. In order to increase ZT it is therefore necessary to
decrease €. or the carrier concentration. As it is seen from the Figs. 1-3, in this case the electrical
conductivity o, decreases, but the thermopower S, grows considerably and the electronic thermal
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conductivity -y, decreases. Thus, if e is decreased down to 0.2 (the carrier concentration is decreased

by 1.5 times, from 1.2:10°" m™ down to 0.81-10* m™) ZT is expected to achieve values of 1.0 in
existing crystals grown by gas phase method with stoichiometric o, ~ 10° Q'm™. The predicted

thermoelectric parameters in this case are: o, = 4.1-10° Q'm™, S, = 113 pV/K, «& = 1.8 Wm’'K™*
and x,, =2.4 Wm™K™. The main contribution to the increase of ZT originates from the increase of the

power factor Py = 6,Sx’. Now for TTT,l3 Py = 5.2-10° Wm™K™ which is higher than in Bi,Tes, were
also ZT ~ 1, but Py = 4-10° Wm™'K™?,

Even higher values of ZT ~ 2.2 are expected in more perfect crystals with somewhat higher
o ~ 3:10° Q'm™ but which have not been obtained yet. The predicted parameters in this case
are: oy = 11-10° Q'm™, S, = 132 uV/K, ¢, = 3.6 Wm'K™* and x,, = 4.2 WmK™. In this case Py
achieves a value of 1.9-102 Wm™K2 which is about 4.7 times higher than that of Bi,Tes.

In this context, we can conclude that values of ZT ~ 20, predicted earlier in highly conducting
Q1D organic crystals, are not realizable in TTT,ls, because in very pure crystals the carrier mobility
becomes limited by the carrier scattering on adjacent chains. It is possible that in other structures,
composed of more independent highly conducting molecular chains, such high values of ZT could be
realized. But values of ZT ~ 4 are predicted in still more perfect crystals of TTT,l3 with stoichiometric
Oy ~ 6.6-10° Q'm™, if ¢ is decreased up to 0.2. The expected parameters in this case are:
O = 2.1-10° Q'm, S, = 146 uV/K, x5, =52 Wm'K' and x, =58 Wm'K™. The thermal
conductivity is increased considerably by 3.5 times with respect to Bi,Tes, but now the power factor
amounts to Py = 4.4-102 Wm™K2, which is about 11 times higher than in Bi,Tes. Thus, if the crystals
are more perfect, still more contribution to the increase of ZT comes from the increase of the power
factor. This is favorable for the thermoelectric applications, because ZT is not limited by the lowest
value of lattice thermal conductivity.

Conclusions

Detailed modeling of the thermoelectric properties of highly conducting quasi-one dimensional
(Q1D) charge transfer organic crystals of TTT,lz in the most comprehensive 3D physical model are
presented. These crystals have the advantages that the density of electronic states is increased due to
the low dimensionality of the carrier spectrum and the interdependence between electrical
conductivity, thermopower and electronic thermal conductivity is somewhat compensated by the more
diverse internal interactions. The dependences of electrical conductivity oy, thermopower S,

electronic thermal conductivity x;, and of the thermoelectric figure of merit ZT along the chains on

Fermi energy at room temperature are presented for 1D and 3D physical models. Three sets of TTT,l;
crystals are considered: rather pure ones with stoichiometric electrical conductivity oy ~ 10° O*'m*,
grown previously by the gas phase method [37], more perfect crystals with somewhat higher
oy ~ 3-10° 'm™, and even more perfect ones with o, ~ 6.6-:10° Q*m™, not synthesized yet. It is
shown that for the first and second set of samples the results of 1D and 3D model practically coincide.
For the third set the scattering on adjacent chains becomes important and it is necessary to apply the
3D model to correctly describe the thermoelectric characteristics. It is obtained that in stoichiometric
crystals ZT takes very small values even in the most perfect crystals, because the values of the Seebeck
coefficient are about ~ 40 uV/K and thus are only very small. In order to increase ZT it is necessary to
decrease the Fermi energy or the carrier concentration. Thus, if the carrier concentration is decreased
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by 1.5 times, from 1.2-:10°” m™ down to 0.81-10% m?, it is expected to obtain ZT = 1.0 in existing
crystals with stoichiometric o, ~ 10° Q*m™. Higher values of ZT ~ 2.2 are expected in more perfect
crystals with somewhat higher o, ~ 3-10° Q™*m™ but have not been obtained yet, and even ZT ~ 4 in
still more perfect crystals of TTT,l; with stoichiometric o, ~ 6.6-:10° Q™m™. It is important to note
that although the electronic part of the thermal conductivity grows considerably with increase of oy,
the main contribution to the increase of ZT originates from the increase of the power factor which is by
1.3; 4.7 and 11 times higher than that in Bi,Tes, respectively for three ZT values mentioned. With the
decrease of carrier concentration the thermopower grows considerably and the rise is even bigger in
the most perfect crystals. The optimal thermoelectric parameters which would permit to obtain the
above mentioned values of ZT are determined.
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