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The aim of the paper is to estimate the opportunities of organic materials for thermoelectric
applications. Recently in molecular nanowires of conducting polymers the values of ZT ~ 15 were
predicted. Still higher values of ZT have been predicted by us. However, these predictions were
made in the frame of a strictly one-dimensional physical model. It is absolutely necessary to
estimate the contribution of interchain interaction to these predictions. We present the results of
thermoelectric properties modeling of tetrathiotetracene-iodide crystals, taking into account the
interchain interaction. It is established that in crystals with not very high degree of purity this
interaction can be neglected. However, in purer crystals it becomes important. The criteria when
this interaction can be neglected, as well as the expected values of electrical conductivity, Seebeck
coefficient and thermoelectric power factor limited by interchain interaction are determined.
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Introduction

Recent years have seen an increased number of publications devoted to investigation of
thermoelectric opportunities of different organic materials. These materials have much more diverse
and often unusual physical properties. As a rule, they have much lower thermal conductivity than the
inorganic materials. It is expected that such materials will have much higher thermoelectric efficiency
and will be less expensive in comparison with the known inorganic thermoelectric materials. Thus,
exactly organic materials are good candidates for applications in the conversion of even a part of
enormous low-grade waste heat into electrical energy.

From year to year the thermoelectric parameters of organic materials are improved. Now the
highest measured value of the thermoelectric figure of merit at room temperature is Z7 = 0.57 and was
obtained in phenylacetylene-capped silicon nanoparticles [1]. The samples were prepared as pressed
pellets. The measurements have shown very high value of Seebeck coefficient S=3228.8 uV/K,
modest electrical conductivity ¢ = 18.1 Q'-m™', but low thermal conductivity k= 0.1 W-m "K', This
value of ZT is rather close to that of ordinary thermoelectric materials.

Many different organic materials are investigated in order to improve their thermoelectric
properties. In [2] it was shown that the iodine-doped pentacene thin films can be potential candidates
for good organic thermoelectric materials. In a bilayer structure composed of an intrinsic pentacene
layer and an acceptor tetrafluoro-tetracyanoquinodimethane layer the value of the power factor
P =05"~2.0 yW/mK?* was measured [3], when layer thickness was optimized. Doped acetylene with
very high electrical conductivity of the order of 1.1x10° Q'm™, =28 uV/K and x=0.7 W-m "K' has
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demonstrated [4] ZT = 0.38 at room temperature. The problem is that this material is not stable, but this
problem could be resolved in the future. In poly (3, 4-ethylenedioxythiophene) (PEDOT) the value of
ZT=0.25 was measured at room temperature with the parameters [5] 6= 6700 Q '-m', § =220 uV/K,
power factor P=c §* =324 pyW-m K%, k=0.37 W-m "K', and the polymer is stable. It was also
shown [6] that electrochemical doping, unlike chemical doping, allows better control of the oxidation
level of polymer via tuning the electrode potential and measurement of the charging current, achieving in
such a way improved thermoelectric properties.

The Japan Fujifilm Corp. announced in February 2013 about the development of a thermoelectric
material (the site: greenoptimistic.com) using an organic polymer based on PEDOT with Z7=0.27 and
even higher. The material was elaborated in cooperation with Japan National Institute of Advanced
Industrial Science and Technology. The advantages of this material are the low cost and that the
converter module can be manufactured using printed technologies. A mini-review on the progress of
poly (3, 4-ethylenedioxythiophene) (PEDOT)-based thermoelectric materials in recent years is presented
in [7], where a ZT ~ 1 is predicted in this class of materials. In [8] both n-type and p-type organic
thermoelectric materials have been developed with ZT values of 0.1 to 0.2 around 400 K. Thermoelectric
module composed of 35 n-p couples was made which outputs a power of 2.8 pW-cm > (highest for
organic thermal devices ever reported) under temperature difference of A7 = 80 K.

Several works about inorganic-organic TE composites have been reported [9-14]. However, the
obtained values of ZT are still very low. Different theoretical models were presented for the
description of thermoelectric transport in organic materials [15-18]. In molecular nanowires of
conducting polymers the values of Z7T ~ 15 at room temperature were predicted [18]. It is important
that in this paper the charge and energy transport was described in the hopping model which is applied
in the case of strong electron-phonon interaction and usually yields smaller conductivity than the band
model. It is also predicted that the largest power factor can reach 500 uW/cmK?* for PEDOT: PSS
molecular chain, which is much larger than that for inorganic nanowires.

Still higher values of ZT ~ 20 were predicted by us [19-21] in highly conducting quasi-one
dimensional (Q1D) charge transfer organic crystals. However, the above predictions were made in the
frame of a strictly one dimensional physical model. Even if from the experimental data it is known that
the interaction between molecular chains in Q1D crystals is weak, it is absolutely necessary to
estimate the contribution of this interaction to the charge and heat transport.

The aim of present paper is to carry out a more detailed modeling of thermoelectric properties of
tetrathiotetracene-iodide, 777513 Q1D crystals, taking into account the interchain interaction. The results
of paper [22] will be also verified in the frame of this more complete physical model. For simplicity the
2D crystal model is applied. It is established that in crystals with a low degree of purity this interaction
can be neglected, because impurity scattering already limits carrier mobility. However, in purer crystals
which allow higher values of Z7, this interaction becomes important. The criteria when this interaction
can be neglected are determined. The expected values of electrical conductivity, the Seebeck coefficient
and thermoelectric power factor limited by interchain interaction are also determined.

2. Two-dimensional crystal model for TTT./;

The quasi-one-dimensional organic crystals of tetrathiotetracene-iodide, 777,15, are formed of
segregate chains or stacks of planar molecules of tetrathiotetracene 777, and iodine ions. This
compound is of mixed-valence: two molecules of 77T give one electron to the iodine chain which is

formed from 7; ions. Only 777 chains are electrically conductive and the carriers are holes. The
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crystals admit nonstoichiometric composition of the form 777,/5.; with the surplus or deficiency of
iodine. So as the iodine plays the role of acceptor, the hole concentration depends on the iodine
content and may be higher or lower than stoichiometric concentration n=1.2x10* cm™. It is very
important because in thermoelectric materials it is usually necessary to optimize carrier concentration
in order to achieve maximum efficiency.

The crystals are named quasi-one-dimensional because the carriers are moving mainly along the
conducting molecular chains and rarely jump from one chain to another. As a result, the electrical
conductivity along the 77T chains is approximately by three orders of magnitude higher than in
transversal to chains directions. The transport mechanism along the chains is of band type, whereas in
the transversal direction is of hopping type. Due to this fact, earlier [23-25] we neglected the latest
mechanism and considered a strictly one-dimensional crystal model. In other words, we neglected the
possibility for a carrier to pass form one to another conducting chain. This approximation has
permitted us to investigate the thermoelectric properties of these crystals in a simpler physical model.
Now we will take into account this possibility, in order to determine how this new interaction will
modify the previously estimated values of thermoelectric efficiency.

For simplicity we will consider two-dimensional crystal model. The charge and energy transport
are described in the tight binding and nearest neighbors approximations. The energy of hole with the
2D quasi-wave vector k and projections (k, k,) is of the form

e(k) =-2w[1-cos(k,b)] - 2w,[1—cos(k,a)]. (1)

The energy is measured form the upper margin of the conduction band, w; and w, are the carrier
transfer energies between the nearest molecules along and between the chains, b and a are lattice
constants along and in transversal direction to the chains. The axis x is directed along b, and y is in
perpendicular direction. The condition of crystal quasi-one-dimensionality means that w, << wj. The
frequency of longitudinal acoustic phonons is given below

o, =, sin’(g,b/2)+ ) sin*(q,a/2), (2)

where 2D quasi-wave vector q has the projections (gy, ¢,), and ®; and ®, are the limit frequencies in
the x and y directions, ®; << ®;.

The two most important hole-phonon interactions considered earlier are completed by taking
into account the interchain hopping of carriers. The first interaction is similar to that of deformation
potential. The second interaction is similar to that of polaron, but is determined by induced
polarization of molecules surrounding the conduction hole. The square of matrix element module of
total interaction is of the form

|A(k,q)|2 =2h/(NMo,){w[sin(k,b) - sin((k, — q,)b) + 7, sin(¢,b)" + )
+w)’? [sin(k,a) —sin((k, —q,)a) +7, sin(qya)]z}

Here N is the number of molecules in the basic region of the crystal, M is the mass of TTT
molecule, w," and w,’ are the derivatives with respect to the intermolecular distance of the energies w;
and w,. In Eq. 3, the terms which depend on k, and &, describe the first interaction, and the terms
which depend only on ¢, and g, describe the second interaction. The parameters y, and y, have the
meaning of the ratios of amplitudes of second interaction to the first one along and in transversal
direction to the chains
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Y= 2320‘0 /(bsw{): Y2 = 2‘QZOLO /(asw;) S

where e is the carrier charge and oy is the average polarizability of 777 molecule. Note that so as w,
and w, are positive and exponentially decrease with the increase of intermolecular distance, w," and
wy" will be negative, and v, and y, will be likewise negative.

Since the conduction band is not very large and the Debye temperature is relatively low, the
variation of wave vectors k and ¢ should be taken over the entire Brillouin zones for holes and
phonons: —n/b < k. < n/b, —n/a < k, <n/a, —n/b < g, <n/b, —n/a < g, < /a.

The impurity scattering of holes is also taken into account. The impurities are considered point like
and neutral. In this case the impurity scattering rate is described by the dimensionless parameter Dy which
is proportional to impurity concentration and can be made very small, if the crystal purity is rather high.

3. Charge and energy transport

We will consider that a weak electrical field and temperature gradient are applied along the
chains. In this case the kinetic equation for nonequilibrium distribution function can be linearized and
it takes the form of the Boltzmann equation. Near room temperature we can neglect in the scattering
process of a hole from the state k to k = q the phonon energy and the transversal kinetic energy of the
hole, because these energies are much less than the kinetic energy of the hole along the chains. Then
the kinetic equation is solved analytically and the notion of relaxation time can be introduced as in 1D
case. But now the relaxation time is a function of &, and &,

hMV? w [sin(k,b)|

. (5
4b*k,Tw,*[(1 -7, cos(k,b))* + D, + Wi (1+y3 + 2sin’ (k,a)—2y, cos(k,a))/ (2w!*sin® (kb))] ©)

wk, k)=

In deriving Eq. 5 the term proportional to (bv,, / avy;)* which comes from the phonon dispersion
law and is much less than unity was neglected, where vy, is the sound velocity along the chains and vy,
is the sound velocity in the direction perpendicular to chains, %, is the Boltzmann constant. Also, in
Eq. 5 we have replaced the phonon distribution function N, by its high temperature limit
N, = kT /ho,>> 1, so as near room temperature 7, we have hw, << k,7, We have also changed the
signs of y; and y,. From here and further v, and v, are positive.

If in Eq. 5 the interchain interaction is neglected, i.e. if we put w, =0, w,’ =0, and y, =0, the
previous results which correspond to 1D model are obtained. It is seen that the relaxation time has a
maximum for values of £, close to those for which the first term in the denominator of (5) is equal to
zero. It means that for these values of &, in the conducting band the two hole-phonon interactions
mentioned above strongly compensate each other. In 1D case the height of relaxation time maximum is
limited by parameter D,, i.e. by the carrier scattering on impurity. Since the improvement of the
thermoelectric properties is determined by the height of the relaxation time, it was recommended to
increase the crystal purity in order to diminish Dy and increase the maximum of relaxation time as much
as possible. In 2D model the height of maximum is also limited by the interchain interaction. Now we
have to determine the values of parameters, when the last interaction becomes more important. In this
case the further purification of crystal in order to diminish D, will not improve the thermoelectric
properties, because the interchain interaction already limits the height of relaxation time.

With the help of (5), the electrical conductivity along 777 chains o,,, the thermopower (Seebeck
coefficient) S\, and the power factor P,, can be expressed through the transport integrals as follows
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6. =6,R,, S, = (ko /e)(2w] /kOT)R1 /R,, P.=0C S? (6)

where o, = (2’ MvV:w'r) / (*habe(k,T)* w!?), (7

7 is the number of chains through the transversal section of the unit cell and R, are the dimensionless
transport integrals

R = jdgf (€—¢,) e -e)n,, (1-n,, )dn o

Vi(e—g,)" + Dy + Wi (1+75 +2sin” n—2y, cosn) / (2w]’e(2—¢))

Here, in order to obtain an expression for transport integrals (and also for relaxation time) closer
to previous 1D case, we have introduced instead of &, a new variable ¢ = (1 — cos(k,b)), where € has
the meaning of dimensionless kinetic energy of a hole along chains measured from the bottom of
conduction band in units of 2w and &, = (y; — 1)/y; has the meaning of resonance energy (in the same
units) which corresponds to relaxation time maximum. Also, instead of k&, a dimensionless projection
n = k,a was introduced, and n, ., is the Fermi distribution function in the variables € and n. If in Eq. 8

we put wy’ =0, and y, = 0, the previous results which correspond to 1D model are obtained.

Thermoelectric properties

Unfortunately, the thermoelectric properties can be investigated only numerically. Expressions
(6) — (8) have been calculated for quasi-one-dimensional organic crystals of 777>/; with different
degrees of purity. The crystal parameters are: M = 6.5x10°m, (m,. is the mass of free electron),
a=1835A, b=496 A, c=1846 A, v, =1.5x10° m/s, w, =0.16 eV, w/'=0.26 eVA™', r=4. The
parameters w, and w,’" were estimated in Ref. 26, w, = 1.44x107 eV and wy' =2.34x10° eVA™'. The
value of polarizability oy in 777>/3 can be estimated approximately comparing with the known
polarizabilities of other molecules of the same type. We have taken o,y =45 A’, to which corresponds
y=1.7, as in [22]. For y, it follows that v, =y, (a’w,"Y(b’w,") = 3.47 y;, i.e. v, = 5.9.

For the parameter Dy we will choose three values: 0.3 that corresponds to crystals grown by gas
phase method [27] with 6 ~3500 Q".cm™'; 0.1 that corresponds to crystals grown by gas phase
method in [28] with o ~10* Q'.cm™ and 0.05 which corresponds to purer crystals with somewhat
higher 6 ~ 1.7x10* Q'em ™.

In Fig. 1 the dependences of electrical conductivity along chains o, on the Fermi energy in units
of 2w, are presented for these values of Dy. In stoichiometric crystals of 777,/; the hole concentration is
n=1.2x10*" cm, to which corresponds &7~ 0.37. From Fig. 1 it is seen that the values of o,, calculated
in more complete 2D model practically coincide with those calculated in 1D approximation for the entire
interval of the Fermi energy variation. This means that for stoichiometric crystals, the more so for those
with a lower carrier concentration needed for the improvement of thermoelectric properties, but with the
same degree of purity, it is sufficient to apply the simpler 1D approximation.

In Fig. 2 the dependences of thermopower (Seebeck coefficient) S,, on the Fermi energy at
room temperature are presented. It is seen that for crystals with considered degree of purity the
interchain interaction has even lower effect on thermopower than on c,,: the curves for 1D and 2D
models coincide. This also means that, due to an additional factor (¢ —g&r) in the numerator of
integrand in (8), the value of relaxation time maximum has a lower effect on the thermopower than on
the electrical conductivity. In Fig. 3 the dependences of the thermoelectric power factor P,, on the
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Fermi energy Er are presented. It is seen that the curves for 1D and 2D models are very close to each
other. For &7 = 0.2 the value of P, is ~ 1.4x107* W/m-KZ, or 3.5 times higher than in Bi,7e;.
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Fig. 1. Electrical conductivity along chains as a function of Er fory = 1.7: lower, middle
and upper curves are for Dy = 0.3, 0.1 and 0.05, respectively.

In order to determine when the interchain interaction becomes important, let’s consider still
more pure crystals of 777,13 with lower values of parameter Dy: 0.04, 0.03 and 0.02. To these values
of Dy and stoichiometric carrier concentration correspond Gy, ~ 2x10* Q_l-cm_l, 2.5x10* Q em™!
and 3.2x10* Q"' ecm™, respectively. Crystals of TTT»/; with such a high degree of purity and,
respectively, with such a high conductivity have not been synthesized yet, but it is possible in the future.
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Fig. 2. Thermopower S, as a function of Ep: Fig. 3. Thermoelectric power factor as a function
lower, middle and upper curves are for Dy = 0.05, of Er: lower, middle and upper curves are
0.1 and 0.3, respectively. for Dy = 0.3, 0.1 and 0.05, respectively.

In Fig. 4 the dependences of electrical conductivity along chains o,, on the Fermi energy are
presented for these lower values of D. It is seen that now the deviations between 2D and 1D models
are more significant, especially in the case of the purest crystals with Dy=0.02, when for
stoichiometric crystals the value of conductivity in 2D model is by 10 % lower than in 1D one. But for
crystals with gr around 0.2, needed in order to increase the power factor, the curves for 2D and 1D
models practically coincide.
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Fig. 4. Electrical conductivity along chains as a function of Er: lower, middle
and upper curves are for Dy = 0.04, 0.03 and 0.02, respectively.

In Fig. 5 the dependences of thermopower S,, on the Fermi energy are presented. As it was
expected, in this case the deviations between 2D and 1D models are still smaller than for c,,, the dotted
and dashed curves practically coincide, especially in the interval of ez between 0.2 and 0.4. This is an
additional confirmation that the height of relaxation time maximum has a lower effect on S,, than on o,.
In this case for the calculation of thermopower S,, it is sufficient to apply the simpler 1D model.
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Fig. 5. Thermopower S, as a function of Er: lower, middle
and upper curves are for Dy = 0.02, 0.03 and 0.04. respectively.

The dependences of the thermoelectric power factor P,, on the Fermi energy are presented in Fig. 6.
Now, the deviations between 2D and 1D models, accumulated from o,, and S, have been increased, but
to a little degree. So, even in the purest crystals with Dy = 0.02 the maximum value of P,, is lower in 2D
case only by 10 %. Taking into account that the modeling error is also ~ 10 %, we can conclude that for
all crystals with degrees of purity considered here the simpler 1D physical model is applicable and
previously predicted results for the improvement of the thermoelectric properties of T77»/; crystals are
valid. Thus, in earlier synthesized crystals with G, ~ 10°Q"em™ [28] it is expected to obtain after
optimization of carrier concentration a value of Py, ~ 8x10~° W/m-K? (see Fig. 3, the line with Dy = 0.1),
or twice higher than in Bi,Tes. In the purest crystals with o, ~3.2x10* Q.cm™ for stoichiometric

compounds, the maximum value of P,, is expected to be ~ 3.2x107%2 W/m-K? (see Fig. 6, the line with
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Dy =0.02), or 8 times higher than in Bi,Te;. To this value of P,, correspond o, = 9x10° Q.cm™ and
S =190 uV/K. It is very good predicted result. Of course, for crystals with still higher degree of purity
the interchain interaction must be taken into account.
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Fig. 6. Thermoelectric power factor as a function of Ep: lower, middle
and upper curves are for Dy = 0.04, 0.03 and 0.02, respectively.

Conclusions

The investigations of new organic materials for thermoelectric applications published in the last
two years are analyzed. Organic materials attract the increasing attention of investigators. These
materials are expected to have higher efficiency and to be less expensive than the known inorganic ones.
The highest measured value of the thermoelectric figure of merit Z7 at room temperature is Z7 = 0.57
and was obtained in phenylacetylene-capped silicon nanoparticles. This value of ZT is rather close to that
of ordinary thermoelectric materials. In poly (3, 4-ethylenedioxythiophene) (PEDOT) the value of
ZT=0.25 has been measured with the parameters [5] o =6700 Q"'-m", §=220 uV/K, power factor
P=0-5"=324 uW-m K2, thermal conductivity k= 0.37 W-m "K', and the polymer is stable. ZT~ 1
is predicted in this class of materials [7]. Several works on inorganic-organic TE composites have been
reported, however, the obtained values of ZT are still very low. Different theoretical models were also
presented. It is interesting that in molecular nanowires of conducting polymers the values of ZT ~ 15 at
room temperature were predicted [18] in spite of hopping conduction mechanism. Earlier we have
predicted in quasi-one-dimensional organic crystals even higher values of ZT' at room temperature.
However, this and above predictions were made in the frame of a strictly one-dimensional crystal model.
In the present paper, we have taken into account the possibility for a carrier to pass from one molecular
chain to another in the frame of a two-dimensional physical model. The crystals of tetrathiotetracene-
iodide, TTT,/; are considered. It is shown that in crystals with not very high degree of purity this
additional interaction can be neglected, because impurity scattering already limits carrier mobility. The
predicted parameters in this case are: o, = 9x10° Q’l-cm’l, S =190 uV/K and P,, = 3.2x1072 W/m-Kz,
or 8 times higher than in Bi,Te;. For TTT)/; it is possible to neglect the interchain interaction and to apply
1D approximation for stoichiometric crystals with electrical conductivity along the chains up to
Cu~4x10*Q.cm™ or a little higher. However, in purer crystals with higher values of o, the
interchain interaction becomes important.

We acknowledge the support of EU Commission FP7 program under the grant no. 308768.
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