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Abstract. In this paper, we provide an analysis of quasi-one-dimensional organic crystals of
TTT,ls (tetrathiotetracene-iodide) with respect to their thermoelectric properties. An
advanced physical model was employed. The main Hamiltonian of the model includes the
electronic and phonon contributions, electron-phonon interactions, and an impurity-
scattering term. To capture charge transport between molecular chains, the model was
extended to a three-dimensional framework. Numerical simulations were conducted to
evaluate electrical conductivity, Seebeck coefficient, thermal conductivity, thermoelectric
power factor, and figure of merit as functions of carrier concentration, temperature, and
impurity content. Additionally, the Peierls structural transition in the TTT chains was
analyzed, allowing determination of the critical transition temperature. The dispersion of
renormalized phonons was examined in the random phase approximation for different
temperatures.

Keywords: carrier concentration, electron-phonon interaction, organic materials, Peierls critical
temperature, power factor, renormalized phonon spectrum, Seebeck coefficient,
thermal conductivity.

Rezumat. in aceastd lucrare, prezentdm o analiz3 a cristalelor organice cvasi-unidimensionale
de TTT.ls (tetratiotetracen-iodid) din perspectiva proprietdtilor lor termolectrice. A fost
utilizat un model fizic avansat. Hamiltonianul principal al modelului include contributiile
electronice si fononice, interactiunile electron - fonon si un termen asociat imprastierii pe
impuritati. Pentru a descrie transportul de sarcind intre lanturile moleculare, modelul a fost
extins la un cadru tridimensional. Au fost efectuate simuldri numerice pentru a determina
conductivitatea electrica, coeficientul Seebeck, conductivitatea termicad, factorul de putere
termolectric si parametrul termolectric de calitate in functie de concentratia purtatorilor de
sarcina, temperatura si continutul de impuritdti. De asemenea, a fost analizata tranzitia
structurala de tip Peierls in lanturile TTT, ceea ce a permis determinarea temperaturii critice
a tranzitiei. Dispersia fononilor renormati a fost examinata in aproximatia fazelor aleatorii
pentru diferite temperaturi.
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Cuvinte cheie: concentratia purtatorilor de sarcind, interactiune electron-fonon, materiale
organice, temperatura criticd Peierls, factor de putere, spectrul renormalizat al
fononilor, coeficient Seebeck, conductivitatea termica.

1. Introduction

A significant portion of global energy is currently produced using fossil-fuel heat
engines, whose limited efficiency results in substantial waste heat. Developing cost-effective
methods to convert part of this unused thermal energy into electricity has therefore become
an important technological objective. Thermoelectric generators represent a promising
solution, as they enable direct heat-to-electricity conversion and can also operate as solid-
state refrigeration devices without mechanical components.

The dimensionless thermoelectric figure of merit, ZT =oS°Tk™, is the primary
parameter determining a material’s suitability for thermoelectric energy conversion. Here, o
is the electrical conductivity, S the Seebeck coefficient, k =k®+k" the total thermal
conductivity including electronic (k®) and lattice (k") contributions, and T the operating
temperature. Achieving high ZT values is essential for efficient energy conversion, yet these
parameters are interdependent: increasing ¢ can reduce S and increase k°, making the
simultaneous optimization of all factors challenging. In recent decades, significant progress
has been made, particularly in low-dimensional inorganic structures. High ZT values, such as
~2.4 has been measured [1] at room temperature in p-type Bi>Tes/Sb,Tes superlattices. ZT ~
3 has been reported in PbTeSe quantum dot superlattices [2], and even ZT ~ 3.5 [3,4] have
been reported. However, these materials typically involve complex and costly fabrication
processes, and commercially available Bi,Tes-based thermoelectrics currently reach ZT ~1
around 500 K. Attaining ZT >3 would make solid-state thermoelectric devices economically
competitive with conventional energy conversion technologies, but large-scale
commercialization remains limited. Despite these challenges, miniaturized thermoelectric
modules are already mass-produced for practical applications, including temperature
stabilization in laser diodes [5], climate-controlled automotive seats [6], portable coolers [7],
and space technologies. Recent strategies for scaling up production suggest combining high-
energy ball milling with aerosol jet printing to produce devices with high electrical
conductivity and low thermal conductivity, resulting in a maximized Z7T. This approach
highlights the ongoing potential of thermoelectric materials for energy harvesting and
refrigeration applications [8-10]. A detailed review of thermoelectric materials and their
applications was presented in [11].

Organic compounds have recently gained attention due to their cost-effectiveness,
abundance, environmental friendliness, and unique properties. Examples include poly(3,4-
ethylenedioxythiophene) (PEDOT) doped with poly(styrenesulphonate) (PSS), where thin
films of p-type have registered a ZT value of 0.42 at room temperature [12]. Even higher ZT
values, reaching around 1, have been reported in films of PP-PEDOT/Tos [13]. Such results
underline the opportunities offered by organic materials for next-generation thermoelectric
devices.

High ZT values have been predicted in certain quasi-one-dimensional (Q1D) organic
crystals, such as TTTal3 [14] and TTT(TCNQ), [15]. These materials consist of linear molecular
chains or stacks within a three-dimensional lattice, with interactions along the chains
dominating over interchain interactions. Many organic compounds, including ion-radical salts
like TTF-TCNQ, crystalline polymers, and specific charge transfer complexes, exhibit this
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quasi-one-dimensional structure, which often leads to unique properties. Previous
predictions of high ZT were based on simplified one-dimensional models. In existing Q1D
crystals of tetrathiotetracene-iodide, TTT.ls, grown from solution [16] with measured
electrical conductivity o, =1.8-10°Q™'m™, Seebeck coefficient S =39 ,/K™ and thermal

conductivity k, =1.0Wwm~K™ along the conductive chains only ZT = 0.1 was obtained at

room temperature [17]. Such low value of ZT is explained by the fact that the crystals were
not very pure and the parameters were not optimized. We have developed a more realistic
three-dimensional model, enabling more accurate simulations of the thermoelectric behavior
of selected Q1D organic crystals.

The objective of this paper is to present the results of recent investigations on quasi-
one-dimensional (Q1D) organic crystals and their potential applications in thermoelectric
systems. The study provides a comprehensive analysis, including modeling and evaluation of
key properties such as electrical conductivity, Seebeck coefficient, thermal conductivity,
thermoelectric power factor and the thermoelectric figure of merit. Additionally, the research
examines the Peierls structural transition in the TTT molecular chains of TTT.ls, determining
the critical transition temperature and analyzing the dispersion of renormalized phonons
across different temperatures and dimensionless Fermi momentum (k. ) values.

2. Three-Dimensional Physical Model of the Crystal

The Q1D crystals of TTT,ls are formed from segregate stacks or chains of TTT
molecules and iodine. However, only the TTT chains are conductive, owing to the strong -
electron overlap along their stacks. Each pair of TTT molecules donates one electron to the
iodine chain composed of I3 ions, which act as electron acceptors. The electrons on the I3
ions are strongly localized and therefore do not contribute to charge transport. As a result,
the carriers are holes. The electrical conductivity along the TTT chains is nearly three orders
of magnitude higher than in the transverse directions. In earlier studies, this pronounced
anisotropy justified the use of a simplified 1D model [18,19], where the crystal was regarded
as consisting of independent one-dimensional chains arranged in a 3D crystal framework. In
reality, the 1D conductive chains are not completely independent, as weak interchain
interactions are present. It is evident that this interchain interaction affects the validity of the
1D approximation - most notably in very pure crystals, where it restricts the mobility of charge
carriers. Therefore, it is crucial to determine how interchain interactions influence the
thermoelectric properties of real crystals and, in this context, to establish the conditions
under which the simpler 1D model remains applicable.

In this Section we will present the physical model of the TTT.ls crystal that was
described in more detail in [20]. The Hamiltonian of the 3D crystal model was formulated
using the tight-binding approach and the nearest-neighbor approximation. It can be
expressed as follows:

H =Y e(k)aia, + D hoblb, + D AK,a)a;a,_, (b, +bT,). (1)
k q k.g
The first term in Eq. (1), Ze(k)a;ak, represents the energy operator of free electrons
k

in the periodic field of the lattice. The second term, Zha)qb;bq, corresponds to the energy
q
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operator of longitudinal acoustic phonons. The third term, ZA(k,q)a;ak_q(bq+b_+q)
k.q

describes the two most significant electron-phonon interactions. Here, ¢£(k) represents the

carrier energy, where a',a, are the electron creation and annihilation operators associated
with the 3D quasi-wave vector k (k. k,,k,). Analogously, b;,bq denote the acoustic phonon
creation and annihilation operators for a 3D wave vector g and frequency e, . The interaction
matrix element is given by A(k,q). The electron energy £(k), measured relative to the top

of the band, takes the following form:
&(k) =—2w,(1—cosk,b) — 2w, (1-cosk a) — 2w, (1 - cosk,c), (2)

where: w;, w, and w, are the transfer energies of a hole along the chain (x direction) and

perpendicular to it (y and z directions), respectively.

It is established that the Peierls transition happens at low temperatures. Consequently,
the interaction of electrons with optical phonons can be ignored, and the acoustic phonon
spectrum of a simple one-dimensional chain can be represented by [21]:

o; = o sin*(q,b/2)+ e} sin’(q,a/ 2) + w; sin*(q,c/ 2). (3)

In Eq. (3) the limit frequencies in the X, y, and z directions are denoted by w,, w,and a;,
respectively. In this model, two hole - phonon interactions are considered. The first has
coupling constants proportional to the derivatives w,', w,” and w, of w,, w,, and w, with

respect to intermolecular distances, while the second depends on the molecule’s average
polarizability ¢,. The latter is especially important for crystals of large molecules, such as

TTT, since «a, scales approximately with molecular volume.
The square module of matrix element A(k,q) from Eq. (1) has the following form:

| Ak, q)|2 =2nw* / (NM o,) {[sin(kxb) —sin(k, —q,,b)— ;/lsin(qxb)]z +

+d; [sin(kya) —sin(k, —q,,a)=7, sin(qya)]2 + (4)
+d;[sin(k,c)—sin(k, —d,,c) - 7, sin(qzc)]z}.

In Eq. (4), M denotes the mass of a TCNQ molecule, and N represents the number of
TCNQ molecules in the basic region of the crystal; d,=w,/w=w, /w;

d,=w,/w,=w, /w,; parameters y,, ¥, and y, correspond to the ratio of the polaron - type
interaction amplitude to the deformation potential in the x, y, and z directions, respectively.

7 =2, bW, ¥, =28%a,1a%wW,’; y, =28,/ cw; . (5)

The analysis indicates that the Hamiltonian from Eq. (1) cannot account for the sharp
decrease in electrical conductivity observed at temperatures below T,,,,, = 35 K, even when
varying crystal parameters and considering only the first interaction mechanism. It is
therefore necessary to include the dynamic interaction of carriers with defects. The static
interaction contributes to the renormalization of the hole spectrum. In TTT.l5 crystals, defects
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arise due to the different thermal expansion coefficients of the TTT and iodine chains. The
Hamiltonian describing this interaction is expressed as follows:

He =33 B(a,) exp(-ia,x,)ara, , (b, +b;). 6)

k,q n=1

In Eq. (6), the variable x, indexes the defects, which are assumed to be linear along
the x - direction of the TTT chains and randomly distributed. B(q,) represents the matrix
element describing the interaction of a hole with a defect, and is given by the following

expression:
B(q,) =7/ (2NMa,) - 1(q,), (7)

where: 1(q,) is the Fourier transformation of the derivative of the carrier-defect interaction
energy with respect to the intermolecular distance.

1(q,) = D(sin(ba,))”. (8)

In this context, D characterizes the strength of the hole-defect coupling, equivalent
to w, in Eq. (5), and the Peierls transition is strongly influenced by its value.

The renormalized phonon spectrum Q(q) is obtained from the pole of the Green
function, which is defined by the transcendent dispersion equation.

() = o, [1-TI(q, Q)1 (%)
where the principal value of the dimensionless polarization operator is given by

4 < IAK=9) +B(a,)] 1 =Neo)
Z| " +[B(a,)] |

Rell(@,) =~ 0, & g(k)—e(k+q)+nQ

- (10)

n, represents the Fermi distribution function. We note, that Eq. (9) is solvable exclusively by

numerical methods.

Transport properties. Consider the case in which a weak electric field and a small
temperature gradient are imposed along the conductive chains. At room temperature, the
phonon energy and the transversal kinetic energy of the holes can be neglected in the
scattering processes, as both are much smaller than the kinetic energy associated with motion
along the chains. Under these conditions, the linearized kinetic equation can be solved
analytically, allowing the electrical conductivity o, , the Seebeck coefficient S, the

XX ? XX ?

electronic thermal conductivity k and the thermoelectric figure of merit (ZT), to be
expressed in terms of the transport integrals R as follows:

o, =0,R,, S, = (K, /€e)(2w, /k,T)R /R,, (11)
ke =[4W o, / (€*T)I(R, = R/ Ry), (ZT),, = 0, ST / (Kys +Ky), (12)

where
o, = (26*MV2W'r) / (m*habe(k,T)? w,%). (13)
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Here, r = 4 denotes the number of molecular chains present in the transverse cross-section
of the unit cell. The term k} represents the lattice thermal conductivity, v, is the sound

velocity along the chains, and R, are the transport integrals.

T

Rn = d&'J‘ dn‘[ d§5(2 - ‘9)ng,77,g (1_ n€y77v§) x
0 0

O Sy 1

(14)
y [e+d,(1-cosn)+d,(1—-cos¢g)—(1+d,+d,)e-]"
72 (e—&,) + Dy +{d> (L+ y7 +2sin* n— 2y, cosn) + dZ (1+ 2 + 2sin’ ¢ — 2y, cos¢)} (8e(2—¢))

For comparison with the 1D model, the following dimensionless variables were
introduced:
e=1-cos(bk,), 7=k,a, and ¢=k,.. In this representation, n  _ denotes the Fermi

distribution function expressed in terms of the new variables. The dimensionless resonance
energy appearing in the relaxation time is given by &, = (y, —y)/y, and is measured in units

of 2w,. The parameters d, =w, /w, =w," /w,’; d, =w,/w, =w, /w,';characterize the ratios of
the transfer integrals. The 1D Fermi energy is defined as & =E./(2w,), while the
corresponding 3D Fermi energy becomes 2w,(1+d, +d,)e.. The parameter D, quantifies the
scattering of holes by impurities.

2
D, = P12 — MV (15)
4b°acw,k,T

where: n®” denotes the impurity density, | represents the amplitude of the impurity
potential, and V, is the spatial region over which this potential acts.
To determine the parameters d, and d,, the electrical conductivity in the transverse

directions, o, and o, , was calculated. In these directions, the overlap of hole wave

7
functions is minimal, making it convenient to express the system Hamiltonian in the
representation of localized states on the TTT molecules. Consequently, for motion along the
y and z axes, the dominant term in the Hamiltonian is the hole - phonon interaction, while
the term describing hole motion within the periodic lattice potential is treated as a small
perturbation. A canonical transformation is applied to the Hamiltonian, allowing the main
contribution of the hole - phonon interaction to be accounted for already at the zero - order
approximation. This procedure also results in a substantial narrowing of the original
conduction band along the conductive chains. As a result, transport in the transverse
directions occurs via a hopping mechanism, with the charge carriers effectively behaving as
small polarons.

The expressions for o, and o,, were computed numerically. By comparing these

results with the experimental data, awzazz=3.3§2'lcm'l, it can be inferred that

w, =W, = 0.015w,. The similarity of these values reflects the close correspondence between
the lattice constants a and ¢ along the y and z directions, respectively.
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3. Results and Discussions

Computer simulations were carried out using the following set of parameters [17]:
M =6.5x10°m, (where m, is the free-electron mass), w,=0.16eV,w, =0.26eV A7,
a=18.35A, b=4.96A, c=18.46A.The sound velocity at low temperatures along the chains
(i.e., in the b direction) is v, =1.5x10°cm-s™*. The parameter d is set to 0.015, while y, =1.7
and y, is obtained from the relation y, = y,b° / a°d. For the transversal sound velocity in the
a direction, the value v_, =1.35x10°cm-s™ was used. The dimensionless parameters for
describing the impurity scattering were considered as follows: D, =0.001 for static impurities
and D, =0.2 for lattice defects, thermally activated.

First of all, the computer calculations were performed for different values of free
parameters in order to adjust the physical model by comparison with experimentally reported
data (Figures 1, 2). In Figure 1 the experimental data from [16] were considered for TTT,ls
crystals. The measured electrical conductivity along TTT chains at room temperature is
1.8-10°Q'm™. It can be observed that for temperatures, lower than a threshold, the computer
simulations are diverging from experiment. This can be explained by the reshape of
crystalline lattice with temperature decrease, a smooth metal-dielectric transition takes place
for temperatures below 100K . The three lines represent calculated values for electrical
conductivity for three values of dimensionless Fermi energy ¢ =0.27,0.3,0.33. For
stoichiometric crystals ¢- =0.37. It is observed that the theory describes well the
temperature dependence of electrical conductivity in the range from 180K to 400K . It has
to be mentioned that electrical conductivity in such crystals is provided by holes, due
to the presence of iodine atoms. With the increase of temperature, the iodine evaporates and
the physical model is not more applicable.

5 T T T T
l..._ - o experiment
S 4+t 5 =033
T - =g=03
C @ 8 g =027
1 | L & |
D] SR
o \.\
- e \\
~—, 2
= \
p—
5 \
| @ \
b 1 metal-dielectric transition
L]

100 200 300 400
. K
Figure 1. Electrical conductivity as a function of temperature T: rhombs - experiment
[16]; lines — numerical results.
In Figure 2 the results for thermopower S,, are presented as a function of temperature

for different levels of dimensionless Fermi energy. It is observed that in this case the
fluctuations of the dielectric phase practically do not affect the behavior of S, for a wide

interval of temperatures. For crystals with near-to stoichiometric concentration of conducting
holes (continuous line), the numerical results are fitting the experimentally reported ones.
With the decrease of &. one can obtain higher values for thermopower, especially for near-

to room temperatures, a perspective results for thermoelectric applications.
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Figure 2. Thermopower as a function of temperature T: rhombs - experiment [16]; lines -
numerical results.
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Figure 3. Electrical conductivity and Seebeck coefficient as a function of dimensionless
Fermi energy. D, - scattering on lattice defects.

Considering that crystals are organic and for temperatures higher than 350—400K
the iodine evaporates, we calculated in detail the electrical conductivity and the
thermopower for two values of T: 280K and 320K for a wide range of dimensionless Fermi
energy (Figure 3). It is observed that electrical conductivity is more sensitive to temperature
changes, mainly at ¢ =0.5 (red line), while the thermopower is less sensitive. The two
vertical lines, signed with o and s mean the stoichiometric and optimized values of
dimensionless Fermi energy.

From Figure 3 one can deduce that for stoichiometric crystals with ¢ =0.37,
o, =10-10°Q"cm™ and S_=604vK™. When the concentration of conducting holes is
diminished, the dimensionless Fermi energy decreases and for optimized crystals one can
obtain high values of S : ¢ =022, 5, =5-10°Q'cm™ and S =120 VK™. This can be
explained in such manner: the less holes, the lower electrical conductivity but each hole
carries more energy within the same temperature gradient.

In Figure 4 the electrical conductivity and electronic thermal conductivity are plotted
as a function of dimensionless Fermi energy for the same temperature values.
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Figure 4. Electrical conductivity vs electronic thermal conductivity as a function of
dimensionless Fermi energy. D, - scattering on lattice defects.

It can be observed that the manipulations with carrier concentration results in the
creation of more lattice concentration. Also, with the increase of the temperature, the
electrical conductivity and electronic thermal conductivity decreases. For stoichiometric
values of dimensionless Fermi energy the following values were calculated:
o, =12-10°-10-10°Q*cm™ , k =3.8-4Wm'K™ for T=280K and T=320K
respectively. For optimized crystals: o, =5-10°Q™'cm™, k¢ = 2.2 Wm™K™and practically do
not depend on T. The displacement of the maximums of o, and k; indicate on the violation

of the Wiedemann-Franz law in these crystals.

The obtained results are in accordance with the experimentally reported data, which
indicates on the reliability of the physical model to perform numerical calculations and some
predictions for a wider range of temperatures and carrier concentrations. It was shown that
for such organic crystals, discussed above, a metallic-like electrical conductivity can be
obtained with the tuning of charge carrier concentration. Also, due to the violation of the
Wiedemann-Franz law, the electronic thermal conductivity increases slowly than the
electrical conductivity when manipulating with carrier concentration. This phenomenon is
very prospective for future thermoelectric applications. High values of thermopower, up to
120 VK™, combined with low electronic thermal conductivity, 2.2 Wm™K™, is related to
high thermoelectric figure-of merit that can be obtained in these crystals by evaporating
iodine and lowering the Fermi level.

In what follows, we examine the characteristics of the Peierls transition in quasi-one-
dimensional (Q1D) organic crystals of TTT,ls [22]. The Peierls transition has been extensively
investigated in the literature [23, 24]. In previous studies, its behavior has been explored in
TTF-TCNQ crystals [25] as well as in TTT,ls organic compounds [20, 22]. The objective of this
work is to provide a comprehensive theoretical framework for the Peierls transition in TTT,l;
crystals, employing a three-dimensional physical model that simultaneously considers the
two most relevant electron-phonon interaction mechanisms previously mention.

Figures 5 and 6 present the dependence of the renormalized phonon frequencies, Q(q,), on

the wave-vector component q,, for various temperatures, q,and g, values, and different
Fermi quasi-momentum (k. ). Here, q,, g, and g, denote the projections of the phonon
quasi-wave vector along the x, y, and z directions, respectively.
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— = w(q)

-« =T=300K
b« ST=200K
—-=T=100K
——T=90K

N oW R

(g,).Q(g,),107 5™

0 /4 . 3w/ -
q, 2k;

Figure 5. The renormalized phonon spectrum €(q,) is plotted for several temperatures
using y, =1.7, where the dashed curve represents the free-phonon spectrum [22]. The
specific parameters used for this plot are k. =0.502-7/2, D =1.057¢V - A

The initial (unrenormalized) phonon frequency is represented as @(q,), while (k;)

denotes the dimensionless Fermi quasi-momentum, determined by the carrier concentration.
It is evident from all figures that Q(q,) exhibits lower values than @(q,) in the absence of

electron-phonon coupling. This reduction reflects the softening of the lattice elastic
constants due to electron-phonon interactions. Additionally, decreasing the temperature T
leads to a noticeable change in the shape of the curves. A minimum develops in the €(q,)

dependence, becoming increasingly pronounced at lower temperatures. The expected
behavior was that €(g,) would vanish at g, =2k. at a certain critical temperature,

indicating the occurrence of the Peierls structural transition.

6 = = fd[ﬂ,}
=== T =300 K
= «T=200K

o(q,).€(g,).10" s~

0 /4 / i‘\ 3n/4 s

Figure 6. The renormalized phonon spectrum Q(qy) is plotted for several temperatures
using y, =1.7, where the dashed curve represents the free-phonon spectrum [22]. The

specific parameters used for this plot are k. =0.502-7/2, D =1.055eV - A™,
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However, our calculations show that the renormalized phonon frequency reaches zero
at a value q, # 2k, . This discrepancy arises from the deviation of k. from m/4. Figure 5

represents the case where g, =0 and g, =0, with the dimensionless Fermi momentum

ke =0.502-7/2. The parameter D is set to 1.057¢eV - A=, and the interaction between TTT
chains is neglected. In this scenario, the Peierls transition begins at T =90K, at which point
the electrical conductivity reaches its maximum. As the temperature decreases, the electrical
conductivity gradually diminishes. This transition temperature value is very close to that
presented in the experimental curve in [16].

Figure 6 corresponds to the case where the interaction between TTT chains is included
(a, = 7,0, =7z), With D=1.055eV-A™ and k. =0.502-7/2. As shown in the figure, the

transition is completed at T =19.7K. It is evident from Figure 1 that the electrical
conductivity drops sharply and approaches zero at approximately T ~ 20 K. Furthermore, it is
observed that the parameter D decreases, indicating a weaker interaction between holes and
defects in this case. Also, it was observed that the interchain interaction, reduces the
transition temperature. The interactions between holes and phonons, as well as those with
structural defects, lead to a reduction in €(q,) and a decrease in the sound velocity over a

wide temperature range.

4. Conclusions

A more complete physical model for nanostructured organic crystals of
tetratiotetracene-iodide was developed and applied for numerical calculations of electrical
conductivity, electronic thermal conductivity and thermopower (Seebeck coefficient). The
calculations were performed for a range of temperatures from 20K to 400K, revealing a
strange behavior near T =90K, explained by the metal-dielectric transition of the Peierls type.
For temperatures near to 300K , the physical model is completely applicable for calculating
the thermoelectric properties of the crystal. It was demonstrated by numerical calculations
that when manipulating with charge carrier concentration, which leads to the variation of the
Fermi level, the thermopower can be increased significantly, with a slow diminution in
electrical conductivity. Moreover, the thermal conductivity carried by electrons decreases
also, which indicates that in such materials a high value of thermoelectric figure-of-merit can
be obtained.
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