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Abstract — It was demonstrated theoretically, that organic gystals of TTT,l; (tetrathiotetracene-iodide)
are very prospective thermoelectric materials. Thenternal structure is strongly quasi-one-dimensionhand
the thermoelectric transport takes place mainly alag the molecular chains of TTT. Numerical results,
obtained initially in the frame of the simplified one-dimensional (1D) physical model are very promisg. In
the 1D model, the weak interaction between the condtive TTT molecular chains is neglected. In ordeto
define more precisely the criteria of applicabilityof the 1D model, the more complete 3D physical metlwas
elaborated. It is shown that for crystals with rather low degree of purity the scattering on impurities and
defects predominates on the scattering on neareseighbor chains and the 1D model is applicable. Farltra-
pure crystals, the interchain interaction becomes niportant and the transport phenomena should be
generalized for the 3D case. Also, it is shown thdor diminished carrier concentration and rather pure
crystals, the thermoelectric figure of merit may abieve rather high values.

Index Terms— molecular chain, tetrathiotetracene iodide, thernoelectric materials, three-dimensional
crystal model, thermoelectric figure of merit.

phenyl acetylene-capped silicon nanoparticles, Hzeen
shown values oZT = 0.57 at room temperature [5].
[. INTRODUCTION Tetrathiotetracene-iodide organic crystals (TR are
In the context of rapid development of technologyl a Very promising thermoelectric materials. ValueZ®f~ 20
industry, the energy requirements of the humanity ahave been predicted in highly conducting organjstats,
growing rapidly. At present most of the requireergy is if the purity is sufficiently high [6], assuring be carrier
obtained from coal, oil, nuclear energy and ottmrrees. mobility. However, these predictions were made he t
But a big part of this energy is lost as low lekeht. The frame of somewhat simplified strictly one-dimensibn
recuperation and the saving of even a part of st crystal model, where the movement of the chargeecaris
thermal energy is an important and urgent problenthis considered only along the conductive molecular rchai
area, the thermoelectric devices, destined to fiams Further, in the 2D model [7] it was demonstrateat tor
directly the heat into electrical energy, are vatyactive. crystals with high degree of purity, the weak intein
The search and investigation of new more efficiantl interaction becomes important and needs to be deresi.
cheaper materials for such devices is an impogestilem  In this paper, the numerical modeling for electcathiermal
of solid state physics. The recent investigations oconductivity, figure of merit and Lorenz number is
nanostructured organic thermoelectric materials eha@generalized for the three-dimensional case (3D)e Th
shown that they are very prospective for the meetio criteria of applicability of the 1D model are also
above aim. Such materials join together the pedtitia of ~determined.
low-dimensional systems and of multi-component
materials with more diverse and complicated intéoas.
The main requirement is a big thermoelectric figmfe [I. 3DPHYSICALMODEL: THEORETICALNOTES
merit, ZT. It increases when the electrical conductivity and Tetracene organic molecules (TTT) are arranged in
thermopower are increased and the thermal condiyctivjinear chains spaced at approxnt one from other. In
and the Lorenz number are diminished. This phenemencombination with iodine, a CT-complex (charge-tfans
represents the violation of the Wiedemann-Franz &vd complex) is obtained: two TTT molecules give orecebn
was predicted earlier for quasi-one-dimensionalanij to iodine chain and the charge transport is praviaainly
crystals [1]. In recent years, the investigatiohslifferent by the holes, since the electrical conductivity iodline
organic, inorganic and mixed compounds have giveny v chains is very low. A brief description of cryssttucture
good results. Poly (3,4-ethylenedioxythiophene) PH) is presented in [7, 8]. The atoms in molecule ayaded
doped by poly (styrenesulphonate) (PSS) is promia;an with covalent forces, which are much stronger thiag
organic-based thermoelectric material due to @bibty in  interaction between adjacent molecules. For theleotric
air and very high electrical conductivity (measum@eer applications we assume that the electric fields and
3-16 Q'cm™). The maximun¥T = 0.42 has been achievedtemperature gradients are weak, so the molecutegetic
by minimizing the total dopant volume j— type andZT  |evels are not excited and the molecules may bsidered
= 0.2 inn — type materials [2-4]. Mixed nanostructures, apoint-like. In the direction along the molecularaiis
(further considered asdirection), the overlap of-orbitals

20



8" International Conference on Microelectronics and Computer Science, Chisinau, Republic of Moldova, October 22-25, 2014

generates a narrow conduction band with the wiith.@4 centers in the base region of the crystal.
eV. In the transversal directiony @nd 2) the carriers
transfer energies are quite small, & w; = 0.0024 eV).

Two charge transport mechanisms are consideretheof . TRANSPORTMECHANISMS
band-type in the direction and of the hopping type inthe  The kinetic equation is linearized and solved atizily
andz directions. assuming the condition of weak electric field amav |

The Hamiltonian of the system was described in9[7, temperature gradient. At room temperature, thetestagy
for the 2D model. Now it has the form: processes are considered elastic, siog << koT,. The
H= z E(k)acay + zha)qbq*bq + probability of carrier scattering is

k g

. . . W (k, k") = 27T /(72| A(k +q,q)|*) X
Ak, wqbg ¥+ > Veara; o(r, —r; 1
% (K, @) &8y 1 (D +bZg) Zj o0, -1r) (1) St +0.) ()] ©

The tight binding electrons and the nearest neighbo It was neglected in the law of energy conservation
approximations are considered. The energy of hioleke during the carrier scattering the contributions tefms
3D case, measured from the top of the conductiod i@~ containingw, andws in comparison with the kinetic energy

E(k) =-2w[1- coskb)] - 2w, [1- cosk a)] - along the chainy,, ws <<wy.
2 & e & The relaxation time of carriers is expressed thhotige
2ws[1-cos(k,C)] () probability of scattering as:

Wi, Wy, W3 are the transfer energies of holes.b andc are

the lattice constants. . . .
. . . The summation may be replaced with the integralo Tw
There are 3 branches of phonon dispersion, oneris f arameters are introducet; = Waw, = W'/w'y and d, =
longitudinal and two other are for bend vibratiofhe P P T 271 2

: e Wa/Wy = W' 3/w'y:
latest are neglected because they give small tortitsin. o I

wherek,, k,, k, are the projections of quasi-wave vedtor r(k)t= Zzwk+q,k @)
q

The frequency of longitudinal acoustic phonons is r(e.k,k;) = hMV§1W1 Qe-e2 5 y2(e—e,)2 +
Wi = sin®(qb/2) + @l sin®(q,al2) + a’w, kyT
@’ sin?(q,c/2) (3)  df[1+ 2sin’(k/b) -2y, coskb) + y51/2+ (8)

wherew; w, andws; are limit frequencies in the y andz 2 2 _
directions, ¢, y, 0, are the projections of the quasi-wav da 1+ 2sin"(kyC) =2y cosc) +y§]/2+ Do}
vectorq, w, ~ w3 << ;.

There are two main hole-phonon interactio
mechanisms, considered in the matrix elerd€kt q) from
(1). The first mechanism is of the deformation ptitd
type, determined by the variation of transfer epength
respect to the intermolecular distance and the rskde
similar to that of polaron, with coupling constaof
interaction proportional to the mean polarisabilitfy the
moleculesgg.

%ere Vs1 is the sound velocity along the chains andg
r{E(kx)IZWl is the energy of hole moving along the-—
direction.

The expression (8) has a maximum for states aneas,
= (y1-1)/ y;. This phenomenon occurs mainly in organic
compounds. The molecules have relatively high mean
polarisability, revealing a hole-phonon interaction
mechanism of polaron type, which interferes witte th
mechanism of deformation potential type. For a aarr
) range of energy states, this compensation is quite
|AKk,0)|” = 27 /(NMag) x pronounced, a very promising feature which enakies

20 . . . 2 possibility to improve the thermoelectric propestief the
{wi"sin(k,b) = sin(k, =y, b) + y; sin(ab)]” + material. In the case of the simplified 1D physioadel,

sz[sin(kya) -sink, —dy,a) + y, sin(q,d)] 2+ (4) the high of the relaxation time maximum is limitealy by
. _ _ , the scattering on impurities (the paramdig). In the 3D
w5 [sin(kc) = sin(k, =g, ) + ysin(o,0)] °}. case the weak interchain interaction is includesb gthe

here w,w,,w; are the derivatives of transfer energies (2)erms with d; and d;) and the last has the maximal

with respect to intermolecular distancés,is the mass of Ccontribution wherk, =k, = £ (fig.1- dashed lines).
TTT molecule. The electrical conductivitye(,), thermopower $,) and

The ratio of amplitudes of polaron-type interactiorthe ~ the power factorRy) of TTT,l5 crystals were calculated

deformation potential one in the y andz directions are numerically earlier [10, 11]. In this paper, theatonic
described by the parametetsy, andys: thermal conductivity &), thermoelectric figure of merit
i = 26%a, [(65W) , ¥, :2e2&0 I@w,) (ZT) and Lorenz numberL] are modeled for different

crystal purity parameter:

— 2 5
Vs = 2670, [(Cw5) ©) ki =[4wf 0, (ET(R, - R/ Ry) 9)
The last term in (1) describes the scattering cdrgh

— 2 L e
carriers on point-like, electric neutral and rantiom (2T)xx = TS5l MK ¥ Kox) (10)
distributed impurity centers] is the energy of hole- k2 1 R R, 2
) o . . : : =0 2|1 11)
impurity interaction andv, is the volume of interaction e (k2| Ry | Ry (
region. The summation is provided on all the imtyuri ko
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here g, = 278010° Q'cm ™. presented The diminishing of impurity and lattice defects
Transport integral®, are calculated numerically. So asscatte-rlng (ie. the |mpr0vemept of F:rystal pgrmyg)wdes
the conduction band is not very large, the vamataf a rapld_growth. of the relaxation time maximum. het
electron and phonon wave vectors on the whole dgiiti same t_lme, th'TQ' procedure rev_eal_s_ the weak intércha
interaction, which becomes significant for ultrau

zone is considered: |
mla lb mlc crysta S. . :
R, = ach'dkx J'olky J'olkZ sin(k b)n, @-n, ) x 20} ]
° ° ° i » Y 1D model
' o — — 3D model
[£ +d, (L- cos(k,a)) + d, (1- cosk,c)) - 151 i D,=0.03 high max ]
< I ,7’ F D, =0,1 mid max
@+ d; +d,)ee 1" Hl(1- 5 cosk,b))? + 12 3 o i ‘\ D03
1 2 5 T = ) 4/'/ \\‘ 3 -
————{d2[1+ y2 + 2sin®(k,a) - 2), cos(k,a)] + = 1 W
dsin(kb) T 7 Y 2y | J TN
" L / AW ]
d3[1+ 3 + 25in° (k,©) ~ 2y cost,l} + Do)} B S\
hereny is the Fermi distribution functiomy = Ex/2w, is the 0 [ 4/,/’/ \"&=§~-..__
0,5 1,0

Fermi energy for the 1D case in the unities wf.A attice
thermal conductivityx,,- = 0.6 mW/cm-K. The transfer
energiesw, and ws; are evaluated by comparing the ) o ) .

. . . Fig.1. Relaxation time of carrier as functionedbr
npme_ncal rgsults of ele.ctncal conductivity in riszersal Do = 0.3, 0.1, 0.05 at room temperature.
directions with the experimental ones.

For this purpose the Hamiltonian of the system wate
in the representation of localized states at TTTedes,
instead of Bloch representation, used for desagiktime
transport phenomena in the longitudinal directidn.

In Fig.2 the dependences of the electronic thermal
conductivity x,c on dimensionless Fermi energy are
presented. The interchain interaction has a ndxgigffect

A _ ; even for purest crystals. For stoichiometric comieions
transversal directions, the energy of carriers iscm . _ 1 5 18! o2 or & = 0.33)6,¢ = 1.5, 3 and 4.3 W/mK
smaller than the hole-phonon interaction energye Thyhenp) = 0.3, 0.1, 0.05 respectively. It is observed that
canonical transformation Lang-Firsov was applied the further diminution ok leads to the decrease of°
consider the main part on hole-phonon interactiorthie and, consequentlgT is increased.
zero approximation. The same canonical transfoomnati

applied for the operator of density of the eleatricurrent 6F T I . - 1
revealed that in transversal directions carriersobe 4,'7 L P 1D model
small polarons, the transport mechanism becomes of i “‘ — — 3D model
hopping type and the electrical conductivity — thally g 1 b | P D03 highmax
activated. = 4t ,7'7 5 \‘ ¥, D, = 0,1 mid max
In (12) theD, parameter depends on the concentration of ; i / \“‘\ D, = 0.3 low max
impurites and defects which can be considered in " di \\
stationary state at room temperaturg, k% oL /,/’ S \\\ i
2 / Y
D, =n3P12v¢ # (13) dy s &
4b%acw;'“ koTy ,i:/f/ Seg
7
here n*® is the concentration of impurityk, is the _01‘5“"%:0 0:5 1:0 1:5 20
Boltzmann constant. &, EF/2W1
Fig.2. Electronic thermal conductivity as functiofer for

Do = 0.3, 0.1, 0.05 at room temperature

IV. NUMERICAL RESULTSAND DISSCUSIONS
The dependences @i oner are presented in Fig.3. The
Numerical calculations are performed after (9) 2)(1 results of calculations made in the 1D model aneotis
using the following crystal parameteM:= 6.5 10°m, (M by red dotted_llnes and those made in the 3D _medey
is the mass of the free electron)=18.35 A\b = 4.96 Ac b!ue dashed_ lines. For purest crygtals_ (the (.:UW&S the
_ _ _ 1 _ highest maximum) the difference is slightly increddud
= 18.46 Aw; = 0.16 eV, W, = 0.26 eVAY, vy, = 1.5 10° um) the dift . e
the 1D approximation is still applicable. For stoametric
m/s, Er = 0.12 eV. The values,, andws; are the same ¢ysials obtained from vapour phags & 0.1), the figure
because the respective lattice constaatar(dc) are very  of meritzT has small values. Basing on the fact that AT
close. This leads t, =d, = 0'0_;5' The mean polarisability orystal  admits  nonstoichiometric  compounds,  the
of TTT molecules,ao = 46 A® andy; = 1.7 [12]. The improvement of ZT may be achieved by varying the
parameters/, :y1b5/(a5d) andy; = y1b5 /(c>d) . concentration of acceptors (iodine). In such a widg
In Fig.1 the relaxation time of holes as functioh odiminution of iodine concentration of 1.5 timesoffn ¢ =
dimensionless kinetic energy in the x — direction is 0.33 to 0.18) leads to a relative increas& @fr = 0.33) /
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ZT(er = 0.18) up to 3.1 times for crystals withy = 0.3.
When the crystal purity is increasing, this ragogrowing

of the growth of interchain scattering probability.

2,5 T T T. T
----- 1D model o T Ny
,
2007~ 3D model ! \\\
VT D,=0,05 high max ,'}/ A
\
D=0,1 mid max o ,//_'g\ \‘\\
1 ,5 H D =03 lowmax [ A \ q
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Fig.3. Thermoelectric figure of meriZ ().

Lorenz numbel,, (Fig.4) is considerably diminished in

a large interval of carrier concentration importdot
thermoelectric applications. This fact leads tagmificant

Fermi energyr down to 0.2 will provide an increase 6T

up to 1.0, and foer = 0.1 up to 1.5 in crystals obtained
up to 3.4 forD, = 0.05. Further improvement of crystalearlier experimentally by gaseous phase methodn Eve
purity tends to diminish the mentioned above rdie;ause higher values oET are predicted in purer crystals.
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is observed in metals and
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V. CONCLUSION
Thermoelectric properties (electronic thermal

conductivity, thermoelectric figure of merit andethorenz
number) are calculated numerically in the framenmfre
realistic 3D physical model for crystals of TA3 with
different degrees of purity. The restrictions opbgability
of the 1D model are revealed. It is shown thatdiystals
growth from gaseous phaseDo( = 0.1), the 1D
approximation is applicable. For rather pure chgstaith
electrical conductivitys,, > 3-10 Q'cm?, the interchain
interaction becomes significant and the 3D modeiasd
to be applied. Due to the property of TIilcrystal to

admit nonstoichiometric compounds, the diminutioh o
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