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ABSTRACT: Control of doping is crucial for enhancing the
thermoelectric efficiency of a material. However, doping of organic
semiconductors often reduces their mobilities, making it challenging to
improve the thermoelectric performance. Targeting on this problem,
we propose a simple model to quantitatively obtain the optimal doping
level and the peak value of thermoelectric figure of merit (2T) from the
intrin‘sic carrie?r mobility, the lattice thermal conductivi.ty, :ilnd. th.e TR TS Ter——— & %
effective density of states. The model reveals that high intrinsic Mobility / em” V' s

mobility and low lattice thermal conductivity give rise to a low optimal

doping level and a high maximum zT. To demonstrate how the model works, we investigate, from first-principles calculations, the
thermoelectric properties of a novel class of excellent hole transport organic materials, 2,7-dialkyl[1]benzothieno[3,2-b]
[1]benzothiophene derivatives (C,-BTBTs). The first-principles calculations show that BTBTs exhibit high mobilities, extremely
low thermal conductivities (~0.2 W m™" K™'), and large Seebeck coefficients (~0.3 mV K™'), making them ideal candidates for
thermoelectric applications. Moreover, the maximum zT predicted from the simple model agrees with that observed from the
first-principles calculations. This study has provided new insights to guide the search for organic thermoelectric materials and
their optimization.

1. INTRODUCTION flexible, and lightweight. Our previous first-principles inves-
tigations on closely packed molecular crystals and one-

The use of thermoelectric (TE) materials to harvest electricity ; : ‘ : "
dimensional conducting polymer chains have shown that,

from waste heat via the Seebeck effect has become increasingly

important, because of the global need for energy production ideally, the best TE performance of these systems is even
and conservation.'™®> How big a role these TE energy comparable to the state-of-the-art commercial bulk TE
converters are likely to play in solving the world’s energy materials, such as Bi,Te; and Sb,Te; alloys, which exhibit a
problems relies on how efficient these materials are. The energy zT value in the range of 0.8—1.1 at room temperature.s Yet, the
conversion efficiency of a TE device is usually determined by an experimental zT value reported for both conducting polymers
intrinsic material parameter known as the dimensionless TE and small-molecule organic thin films is far less than our
figure of merit, zT: theoretical prediction. The TE properties of a variety of
5 conducting polymers, such as polyacetylene,® polypyrroles,”

/T = SoT polyanilines,” P3HT,” polycarbazoles,'®"" and poly(metal

K 1,1,2,2-ethenetetrathiolate)s'? were measured, but very low
figures of merit were observed: until recently, zT values several
orders of magnitude higher were reported. For example, for
poly(3,4-ethylenedioxythiophene) (PEDOT), a maximum zT
value of 0.42 has been achieved by minimizing the total dopant
volume," and a zT value of 0.25 achieved by accurate control
of the oxidation level.'* A series of metal coordination polymers
containing 1,1,2,2-ethenetetrathiolate linking bridge showed

where S is the Seebeck coeflicient, o the electrical conductivity,
T the average temperature of the hot and cold junctions, and
the thermal conductivity. Both electrons and phonons are heat
carriers. Therefore, k = k, + &, has two contributions: one is
due to the electrons (k,), and the other arises from the lattice
vibrations (k). By definition, we see that a large Seebeck
coefficient, a high electrical conductivity, and a low thermal
conductivity are needed to achieve a high zT.

Despite their poor electrical conductivities, organic electronic Received: February S, 2014
materials have the advantages of having low thermal Revised:  March 16, 2014
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excellent n-type TE properties with a 2T value of 0.2 at 440 K."*
The TE properties of polymer composites'>'® and nano-
particle-functionalized carbon nanotubes'” were also reported.

Compared to conducting polymers, small-molecule organic
semiconductors are advantageous in that they have well-defined
structures and controllable properties, and they are easy to
purify.lg_20 The TE g)roperties of pentacene,n_24 rubrene,”
and phthalocyanines™® have been experimentally studied. The
newly discovered 2,7-dialkyl[1]benzothieno[3,2-b][1]-
benzothiophene derivatives (C,-BTBTs) show excellent air
stability and high solubility in common organic solvents at
room temperature."®*” The most exciting feature about C,-
BTBTs is that they usually show decent field-effect transistor
characteristics with excellent hole transport properties. So far,
the highest hole mobility reported for Cg—BTBT single-crystal
films is 31.3 cm? V™! s7! at room temperature,”® and the
mobilities of C,-BTBTSs exhibit an order of C;,-BTBT > C,-
BTBT > C¢-BTBT.” Very recently, a mobility of 43 cm® V™!
s~ was observed in a blended film of Cg-BTBT and polystyrene
(PS).*® Moreover, Tsukagoshi and co-workers showed that
single-crystal Cg-BTBT displays the band-like transport
behavior in the range of temperature from 160 K to 300 K,
by measuring the temperature dependence of single-crystal
FET mobility.>" Itabashi and co-workers also demonstrated in
theory that the band rather than hopping transport mechanism
dominates in the single-crystal Cg-BTBT, even at room
temperature.”” They found that the hopping mobility of Cg-
BTBT in a bulk single crystalline structure was less than 1 cm®
V 57!, which contradicts the experimental measurement. For
closely packed molecular crystals with high mobility such as
polyacenes and BTBTSs, it is reasonable to apply the band
model to investigate the charge-transport properties of these
materials. Because of their excellent hole transport properties,
BTBTs have attracted our attention as potential p-type TE
materials. In this work, we investigate, theoretically, the TE
properties of BTBTs.

Which electronic structure provides the largest zT value for
TE materials? Mahan and Sofo have addressed this question,
and they suggested that materials in which the distribution of
energy carriers is as narrow as possible, but with high mobility
in the direction of the applied electric field, show the maximum
TE efficiency.>* This offers criteria for the design of new TE
materials. However, improving the TE performance of a given
material by doping optimization remains crucial, as manifested
by enhanced TE efficiency of PEDOT by engineered
doping."*'* In this work, we first propose a simple model to
quantitatively elucidate how to obtain the optimal doping level
and the peak value of zT from the intrinsic mobility and the
lattice thermal conductivity of a material. It is revealed that a
high intrinsic mobility and low lattice thermal conductivity will
lead to a low optimal doping level and high peak value of zT.
Then, we study, from first-principles calculations, the TE
properties of a novel class of excellent hole transport organic
materials, C,-BTBTs, and take Cg-BTBT as an example to
demonstrate how the model works. BTBT's indeed exhibit high
mobilities, extremely low thermal conductivities, and large
Seebeck coefficients, which make them attractive for the TE
applications. The maximum zT value predicted from the simple
model coincides with that from the first-principles calculations.

2. METHODS

To evaluate zT from first-principles calculations, we performed the
following three steps of calculations. First, we calculated the electronic
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structure and electron—phonon interactions using the first-principles
method. The electron—phonon couplings were modeled by the
deformation potential (DP) theory.® Second, we applied the
Boltzmann transport theory to obtain the electrical transport
coefficients. Third, we extracted the lattice thermal conductivity
from the nonequilibrium molecular dynamics (NEMD) simula-
tions.>*’

2.1. Electronic Structure Calculations. Geometry optimization
and the band structure calculations were performed by the projector
augmented wave (PAW) method with the Perdew—Burke—Ernzerhof
including dispersion (PBE-D) exchange correlation functional in the
Vienna ab initio simulation package (VASP 5.3.2).%7% The cutoff
energy for the plane-wave basis was set to be 600 eV. The convergence
criterion of the total energy was set to be 107° eV in the self-consistent
field iteration. The spin—orbit coupling was not considered. The
Monkhorst—Pack k-mesh of 4 X 4 X 1 was used for the ionic and
lattice constant relaxations and that of 8 X 8 X 2 was used for the
single-point energy and charge density calculations. The tetrahedron
method with Bloch corrections was used for smearing. The cutoff
radius for pair interactions was set to be SO A throughout the
calculations for C¢-BTBT, C,,-BTBT, and C,,-BTBT.

2.2. Boltzmann Transport Theory. We applied the Boltzmann
transport equation (BTE) in the relaxation time approximation (RTA)
to model the microscopic electrical transport process.*"* In the
Boltzmann transport theory, the electrical transport coefficients—the
electrical conductivity (c), the Seebeck coefficient (S), and the
electronic thermal conductivity (k.)—are all related to a transport
distribution function,”* > WViViTw Where 7 is the relaxation time, v =
Vié&/ i is the group velocity of an electron in a specified band, and ¢,
is the band energy at a given k-point.

We can obtain the group velocity from the first-principles band
structure calculations. To estimate the summation in the k-space, we
followed Madsen and Singh’s work and applied the smoothed Fourier
interpolation method to obtain denser band energies.* The band
energies on a fine k-mesh of 41 X 41 X 9 (amount to 3885 k-points in
the irreducible Brillouin zone) were calculated for Cg-BTBT, C,,-
BTBT, and C,-BTBT. The original k-mesh was then interpolated
onto a mesh 10 times denser. The electrical transport coeflicients were
calculated by the BoltzTraP*** program, in which calculation of the
relaxation times based on the DP theory was integrated.

2.3. DP Theory for Calculating the Relaxation Times. The
relaxation times measure how quickly the electrons are restored to
their equilibrium distribution via various scattering mechanisms. Here,
we considered the longitudinal acoustic phonon scatterings in the long
wavelength limit. Assuming that the scattering matrix element is
independent of the direction of the lattice wave propagation, the
relaxation time has the form

1

2 2
= = IM(k, k')l (e — g)(1 — cos @
7 ( ) kz (e — &)( ) 1)

where & (g — &) is the Dirac delta function and 6 the angle between
kand K. IM (kk')I* = kyTE,%/C; is the matrix element for electrons to
be scattered from the Bloch state k to k', where E; is the DP constant
and C; is the elastic constant in the direction of the lattice wave
propagation.**™*® For the sake of simplicity, we stretched the unit cell
along the crystal directions g4, b, and ¢, respectively. E, was obtained by
the linear fit of the band edge energy shift, with respect to the lattice
dilation, and C; was obtained via the parabolic fit of the total energy
with respect to the lattice dilation.

2.4. Molecular Dynamics Simulations of Phonon Transport.
We applied the NEMD method to extract the lattice thermal
conductivity. Our simulations were performed with the LAMMPS
package.*” In the NEMD simulations, a heat flux across the system was
applied, and the resulting temperature gradient was measured after the
system had established a steady state. The Miiller—Plathe velocity-
exchange algorithm was used to generate the heat flux in the
system.”*> The GAFF was used to describe the bonded and
nonbonded interactions of Cg-BTBT, C,,-BTBT, and C,,-BTBT.
Periodic boundary conditions were applied in three dimensions. The
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Figure 1. Dependence of (a) the optimal carrier concentration and (b) the corresponding maximum value of zT on the carrier mobility and the

lattice thermal conductivity with the effective density of states fixed at N, = 10*' cm™

under room temperature. Dependence of (c) the optimal

carrier concentration and (d) the corresponding maximum value of zT on the carrier mobility and the effective density of states N, with the lattice
thermal conductivity fixed at k;, = 0.2 W m™' K™ under room temperature.

system was first equilibrated in the NPT ensemble for 500 ps with
Nosé-Hoover thermostat and barostat at the temperature of 300 K and
the pressure of 1 atm. The simulation box was divided into 20 layers
along the direction of heat propagation. Cg-BTBT, C,;-BTBT, and
C,-BTBT are all monoclinic crystals and the division was done
parallel to the box faces, so the heat propagates in the direction of a*
and b¥, respectively, instead of a and b. The total NEMD simulations
lasted for S ns. The velocity swapping was performed every 1000 steps.
The velocity Verlet algorithm was used to update the positions and
velocities for atoms, and the time step was set to be 1 fs. To correct for
the finite-size effect, we performed simulations at several box lengths,
and then fit kyp ™ to Ly, " to derive the lattice thermal conductivity
of the true bulk crystal,so’51 where Ky and Ly, are the lattice thermal
conductivity obtained from the NEMD simulations and the
corresponding box length.

3. RESULTS AND DISCUSSION

Mahan and Sofo answered the question of what is the best
electronic structure a TE material can have.>* In this work, we
raise a related question, which is how the intrinsic carrier
mobility and lattice thermal conductivity affect the optimal
doping level and peak value of zT of a given material? In the
following, we propose a simple model to illustrate the
dependencies of the optimal doping level and peak value of
zT on the intrinsic carrier mobility and lattice thermal
conductivity.

The general expression for the Seebeck coeflicient neglecting
the electron correlation effects can be written as>>

kg /E Eg a(E)dE

)
where kg is the Boltzmann constant, e is the elementary charge,
Eg is the Fermi level, T is the temperature, and o is the electrical
conductivity (¢ = f o(E) dE). If the carrier only transports in
the valence band, the Seebeck coeflicient S is given by

il
(©)

e
where E, is the valence band edge, A, is a constant on the order
of 1.2% 26,52 At low carrier concentrations with Ez — E, > kT,

Ee =By g
ks T v

S =
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A, is negligibly small and the Boltzmann distribution is justified.
The hole concentration (N,) is then related to S by

N =N Er—E ) _y s
= (S —_ = ex] —_] —
b eff €XP kT eff €XP ks

where N,q is the effective density of states.”® After applying the
relation 6 = N,ey and the Wiedemann—Franz law (k. = LoT
(we assume that the Lorentz number, 2.44 X 107 W Q K2, is
independent of the doping level)), we obtain the expression of

zT as a function of carrier concentration:
ky2uT| (In N, — In Ng)*N,
LN,euT + &,

S%T

zT = =
K, + K,

e

4)

The condition 02T/ ONP = 0 yields the maximum dimensionless
figure of merit

2
4kB2/4T [LeT( )Nopt + 1] Nope
ZTmax =
e LNpeuT + K, (5)
at the optimal carrier concentration
InN,, = 2LeT[ £ ]Nopt +InNg -2
K (6)

Assuming that the effective density of states is fixed, it can be
observed from the above equation that a high intrinsic mobility
and a low lattice thermal conductivity will lead to a low optimal
carrier concentration. Quantitatively, we plot in Figure 1 the
optimal doping level and the corresponding peak value of zT as
a function of the intrinsic carrier mobility, the lattice thermal
conductivity, and the effective density of states under room
temperature. For organic materials, the lattice thermal
conductivity x usually falls in the range of 0.1-1.0 W m™
K. The magnitude of the effective density of states is usually
on the order of 10*! cm™3 according to the literature,
compounds such as pentacene, vanadyl-phthalocyanine, and
naphthalenetetracarboxylic dianhydride have values of 2.9 X

dx.doi.org/10.1021/cm500429w | Chem. Mater. 2014, 26, 2669—2677



Chemistry of Materials

(©)

()

Energy / eV

DOS /10" eV' em”

3 . . . . i;E%fp 40 60
[ S—=——r 7 7

P B —— e S .

1 |

oF

-
. A Vel

Z

Figure 2. (a) Lamella-like alternating structure of Cg-BTBT in the ac plane. (b) Herringbone arrangement of Cg-BTBT in the ab plane; the red
dashed lines represent the crystal lattices. (For the sake of clarity, the alkyl chains have been omitted in panel b. The lattice vectors a and ¢ are
nonorthogonal, but a and b are orthogonal.) (c) Band structures and DOS of C¢-BTBT; the band energies are shifted relative to the Fermi level. The
reciprocal coordinates of high-symmetry points are I' = (0, 0, 0), Y = (0, 0.5, 0), X = (0.5, 0, 0), and Z = (0, 0, 0.5). The highest valence band and

lowest conduction band are highlighted in red.

10*' em™, 1.6 x 10*' em™, and 2.0 X 10*' cm™,
respectively.”>**>* The black dotted vertical line in Figure 1
represents the highest mobility reported to date for organic
materials: 4 = 43 cm? V™! s7! for C4-BTBT:PS blended films.*
As shown in Figure 1b, if the carrier mobility increases to 10
cm? V7! 571 the lattice thermal conductivity reduces to 0.2 W
m~' K™! and the effective density of states is 10*' cm™, the
peak value of zT will exceed 0.5 easily. The TE properties of
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F,-
TCNQ) and iodine-doped pentacene thin films and F,-
TCNQ-doped pentacene in a bilayer structure have been
studied experimentally. Although the carrier concentration in
doped pentacene is high (10*°—10*' cm™), the TE efficiency is
very low, which can be ascribed to the extremely low mobility
of the doped pentacene, usually falling in the range of 0.01—1
em? V7! 57! under room temperature.”**** It is known that
pentacene has high intrinsic mobility, but for TE applications, it
must be doped for enhanced TE efficiency. The dilemma is that
the dopants, such as F,-TCNQ and iodine, not only increase
the carrier concentration, but also substantially decrease the
mobility of conducting host molecules, because they often
increase the distance between neighboring host molecules and
thereby reduce the electronic coupling.

The above model analysis at low carrier concentrations
shows that the high intrinsic mobility of the material gives rise
to a low optimal doping level and a high peak value of zT.
Because of the difficulty and inefficiency for doping of organic
semiconductors, we propose to search for organic thermo-
electric materials with high mobility. If the mobility is high, the
optimal doping level will be low, which indicates that less
volume of dopants is needed and there is less of an effect of
dopants on the charge-transport properties of organic semi-
conductors. In addition to the mobility and lattice thermal
conductivity, the large effective density of states leads to the
high maximum zT value, which is consistent with Mahan and
Sofo’s point of view;** unfortunately, it leads to the high
optimal doping level at the same time. In the following, we
study, from first-principles calculations, the TE performance of
a novel class of p-type organic semiconductors with high
mobility—Cg-BTBT, C,-BTBT, and C,,-BTBT—and take Cg-
BTBT as an example to demonstrate how the simple model
works.

2672

The BTBT crystals exhibit a lamella-like structure with the
alkyl layers and the BTBT layers aligning alternatively along the
c-direction (see Figure 2a). In the ab plane, the BTBT cores
form a herringbone arrangement, which facilitates the two-
dimensional (2D) charge transport (see Figure 2b). The
optimized lattice constants have been collected in Table S1 in
the Supporting Information; they are shorter than the
experimental ones, and the deviations are largely within 5%.”
Actually, the geometry optimization has also been performed
with the local density approximation (LDA) exchange
correlation functional, but the results are poorer than those
obtained with the PBE-D exchange correlation functional. It
shows that inclusion of the dispersion correction in the study of
organic materials is necessary, in which the van der Waals
interactions dominate.>* As observed in the crystal structures,
the optimized lattice constants a and b decrease with increasing
length of alkyl chains,” which means that the BTBT cores pack
more closely along the a- and b-axes with longer alkyl chains.
This has been explained by Takimiya and co-workers as
stronger hydrophobic interactions between longer alkyl
chains.”

Cy¢-BTBT, C,,-BTBT, and C,,-BTBT are all direct-band-gap
semiconductors with the band-gap opening at the ['-point. (See
Figure 2c and Figure S1 in the Supporting Information.) The
calculated band gaps of these three crystals are 2.060 eV, 2.000
eV, and 2.003 eV, respectively. The highest valence band (VB)
of C¢-BTBT, C;(-BTBT, and C;,—BTBT exhibits the largest
bandwidth along the I'X direction, which is 0.689 eV, 0.722 eV,
and 0.720 eV (see Table S2 in the Supporting Information for
the bandwidths along other high-symmetry directions). The
bandwidth of the highest VB in BTBTs is significantly larger
than that of the lowest conduction band (CB), which suggests
that the hole transport dominates in these materials, in
accordance with the experimental observations. For the lightly
doped organic semiconductors studied in this work, only the
highest VB and lowest CB contribute to the charge transport.
The wide band feature of the highest VB suggests that the
electronic states are delocalized, and the band instead of
hopping transport mechanism dominates. The bandwidths of
both VB and CB along the I'Z direction are exactly zero, which
also confirms the 2D transport behavior in these crystals. In
addition, the bandwidths of both CB and VB become larger

dx.doi.org/10.1021/cm500429w | Chem. Mater. 2014, 26, 2669—2677
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when going from Cg-BTBT to C,,-BTBT, but the change is not
obvious when going from C,-BTBT to C,,-BTBT.

To calculate the elastic constant C;, we stretched the unit cell
of C¢-BTBT, C,,-BTBT, and C,,-BTBT along the a-, b-, and ¢-
directions, respectively, by +0.5%, + 1.0%, & 1.5%, and +2.0%,
and calculate the total energy change due to the unit-cell
deformation. The elastic constant C; can be obtained by fitting
the total energy E with respect to the dilation Al/l, using the
formula

E—%_C(N%f
VO - i 2

Here, V, and E, are, respectively, the volume and total energy
of the unit cell at equilibrium. Al is the change of lattice
constant along the direction ii (i = a, b, ), and [, is its value at
equilibrium. To obtain the DP constant E; in each lattice
direction, we calculate the band energies with the Ilattice
deformed in that direction, and fit the band-edge positions of
VB and CB to the dilation Al/l; with the formula E;, =
AEcpvp)/(Al/ly). Here, AEcp(yp) is the change in band-edge
position, relative to the lattice dilation Al/l,. Since in
calculating the band energy in the bulk crystal by VASP, the
reference zero-point of the energy is unknown, it is difficult to
obtain the absolute energy change from two calculations with
different lattice constants. Therefore, we adopt an approx-
imation proposed by Wei and Zunger,*® who assumed that the
lowest energy band was barely influenced by the slight lattice
deformation and it can be taken as an energy reference to
calculate the band energy shift of the VB and CB. The
calculated DP constant E; for electrons and holes, and the
elastic constant C; for C¢-BTBT, C,,-BTBT, and C,,-BTBT
along the a-, b-, and c-directions are listed in Table 1. It is
observed that, for these three compounds, both DP constant
and elastic constant are apparently anisotropic.

Table 1. DP Constants (E,) and Elastic Constants (C;) for
Electrons and Holes in C3-BTBT, C,,-BTBT, and C,,-BTBT
along the a-, b-, and c-Directions

direction DP constant, E; (eV) elastic constant, C; (X 10° J m™)
C¢-BTBT
2.29 (e)
18.3
¢ 139 (h)
0.74 (e)
b .76
273 (h) ?
0.78 (e)
37.4
¢ 047 ()
C,-BTBT
244 (e)
15.1
¢ 141 ()
0.88 (e)
b 10.2
2.82 (h)
1.05 (e)
45.0
‘ 0.61 (h) S
C,,-BTBT
2.52 (e)
194
¢ 143 (h)
b 0.83 (e) 10.1
2.92 (h)
0.7:
¢ 4 () 616
1.16 (h)
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Based on the band structures from first-principles calcu-
lations, we calculated the electrical transport coefficients by
solving the BTE within the RTA. We adopted two schemes to
derive the relaxation times. One is based on the DP theory, and
the alternative is to take the relaxation time as an empirical
parameter, which can be derived by comparison between the
theoretical and experimental mobilities.>® For the first scheme,
the scattering matrix elements averaged over three lattice
directions (a, b, and c) are used to calculate the relaxation
times. The calculated average relaxation times 7 of electrons
and holes for C¢-BTBT, C,,-BTBT, and C,,-BTBT at 298 K
are summarized in Table S3 in the Supporting Information. As
that table shows, for each of three compounds, the relaxation
times of holes are significantly larger than those of electrons,
which indicates that the mobility of holes is larger and also
proves that BTBTs are typical hole transport materials. It is
found that as the alkyl chains are elongated, both the electron
and hole relaxation times increase. For the second scheme, the
hole relaxation time 7 averaged over crystal directions 4 and b is
19.9 fs, which is derived by fitting the experimental mobility y =
31.3 cm® V7' s7' of single-crystal C¢-BTBT at room
temperature’® to our theoretical mobilities derived from the
relation ¢ = N,eu. The relaxation times for holes based on the
DP theory are on the order of 100 fs, which are 5—6 times
larger than that empirically derived.

The Seebeck coefficient (S), the electrical conductivity (o),
the electronic thermal conductivity (k.), and the TE power
factor (S%6) in the ab plane for Cg-BTBT, C,,-BTBT, and C,,-
BTBT at 298 K are shown in Figure 3 and Figure S2 in the
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Figure 3. Seebeck coefficient (S), electrical conductivity (o), TE
power factor (S%), and electronic thermal conductivity (k,) along the
a-direction (blue lines) and the b-direction (red lines) for Cg-BTBT, as
a function of carrier concentration at 298 K. The relaxation times were
calculated from the DP theory. The carrier concentration is positive

for p-type doping and negative for n-type doping.

Supporting Information, as a function of the carrier
concentration, with the relaxation times derived in a first-
principles manner from the DP theory. It is noted that the
electrical transport coefficients are almost isotropic for both
electrons and holes, and the maximum power factors S’ for
holes are larger than those for electrons, because of the much
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higher electrical conductivities ¢ for holes than for electrons.
This indicates that Cg-BTBT, C,(,-BTBT, and C,;,-BTBT are all
p-type TE materials. As the length of alkyl chains increases, the
maximum power factors S’ remain almost unchanged, as do
the largest Seebeck coefficients S.

The slope of the 6—N curve in the linear region gives the
carrier mobility, according to the relation ¢ = Ney. From Figure
3 and Figure S2 in the Supporting Information, we extracted
the electron and hole mobilities y for Cg-BTBT, C,,-BTBT,
and C,,-BTBT (see Table 2). It is seen that the hole mobility is

Table 2. Calculated Electron and Hole Mobility () for Cs-
BTBT, C,(-BTBT, and C,,-BTBT along the a- and b-
Directions at 298 K

C¢BTBT  C,i-BTBT  C,,-BTBT
Hole Mobility (cm* V7' s7")
ut 180 194 211
' 165 174 199
Electron Mobility (cm* V™' s7")
K 134 122 16.4
e 28.1 25.4 34.7

indeed significantly larger than the electron mobility along both
the a- and b-directions, indicating that BTBTs are hole
transport materials. The mobility of holes is almost isotropic
for all three compounds, which is consistent with previous
theoretical predictions,”” and recent experimental observations
for Cg-BTBT:PS film.>® Furthermore, as the length of alkyl
chains increases, the hole mobility increases, which agrees
qualitatively well with the experimental observation.”’ The
mobilities calculated for holes are 5—6 times higher than the
experimental value; a value of 31.3 cm® V™' s was regported for
single-crystal Cg-BTBT at room temperature.”® Such a
discrepancy can be attributed to the fact that (i) only the
longitudinal acoustic phonon scatterings are taken into account
in the calculation of relaxation times and (ii) the optimized
lattice constants are smaller than those observed in the crystal
structures. The relaxation times derived from the DP theory,
and the mobilities subsequently calculated are apparently
overestimated, because of the neglect of optical phonon
scatterings.

To fully characterize a TE material, it is essential to obtain its
lattice thermal conductivity (k;). We extracted the x; value of
Cg-BTBT, C;y-BTBT, and C;,-BTBT along the a*- and b*-
directions from the NEMD simulations. We build the supercells
with different lengths in the direction of a* and b*. Each
supercell is divided into 20 layers, labeled as layers 0, 1, .., 19
from left to right. The local temperature of layers 0—10 and the
instantaneous temperature for layer O (the heat sink) and layer
10 (the heat source) are plotted in Figure 4 and its inset. It is
found that, as the simulation proceeds, the temperature of layer
0 drops, and that of layer 10 rises. After 1 ns, the steady state
and the local thermal equilibrium have been reached. The local
temperature of each layer is obtained by taking an average over
trajectories from 1 ns to 5 ns. As shown in Figure 4, the linear
relationship between the temperature and the layer number is
very good except for the region near the heat sink (layers 0 and
1) and the heat source (layers 9 and 10), because the
unphysical exchange of atomic velocities and the physical heat
flow in the system are not well-balanced. The temperature
gradient is then obtained by fitting the curve in the linear
region. To correct the size effect, we perform the NEMD
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Figure 4. Temperature profile of Cg-BTBT along the a*-direction
obtained from the NEMD simulations for box dimensions of 20 X 3 X
1. The time average has been taken over the final 4 ns of the
simulation. The solid red line represents a linear fit of the data. The
inset shows the temperature evolution with time for the heat sink
(blue) and heat source (red).

simulations with different box lengths in the direction of 4* and
b* (see Figure S3 in the Supporting Information). We extract
the lattice thermal conductivity of the true bulk crystal by fitting

Kyp | to Lyg ' and extrapolating. Table 3 lists the lattice

Table 3. Calculated Lattice Thermal Conductivity (x;) for
C¢-BTBT, C,;-BTBT, and C,-BTBT along the a*- and b*-
Directions at 300 K

Kk (Wm™! K1)

a*-direction b*-direction

C¢BTBT 0.18 0.18
C,-BTBT 0.18 0.18
C,,-BTBT 025 0.22

thermal conductivities (k) for C¢-BTBT, C,;,-BTBT, and C,,-
BTBT at 300 K, with the magnitude falling in the range of
0.18—0.25 W m™' K™'. Compared to inorganic TE materials,
the lattice thermal conductivity of BTBTs is extraordinarily
small, although the all-scale hierarchical architecture method
has been used to reduce the lattice thermal conductivity of
PbTe to ~0.6 W m™! K™'.>® So far, there is no experimental
result available for the thermal conductivity of crystalline C,-
BTBTs. The thermal conductivity of pentacene, N,N'-diphenyl-
N,N’-di(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD),
and tris(8-hydroquinolinato)aluminum (Alg,) thin films were
measured to be 0.51 Wm™ K™, 024 Wm™ K™', and 048 W
m~! K7, respectively.”® Compared with these small-molecule
organic materials, the thermal conductivities of BTBT's are also
smaller. This is because the alkyl side chains of BTBTs give rise
to more low-frequency phonon modes, which contribute more
to the phonon—phonon scatterings and lead to the reduced
lattice thermal conductivity.°>®" Our previous theoretical study
on the anisotropic thermal transport in the pentacene crystal
shows that the lattice thermal conductivity of pentacene is 0.72
Wm™ K LI Wm™ K™ and 0.61 W m™ K7, respectively,
along the three reciprocal lattice directions.®” In addition, the
lattice thermal conductivity of phthalocyanine (H,PC) along
the closest packing direction is calculated to be 2.1 Wm™ K™
in our previous work.%? The lattice thermal conductivities of C,-
BTBTSs are 4—S5 times lower than that of pentacene along the
dominant transport direction, which is due to the introduction
of long alkyl side chains in BTBT's as explained above. Table 3
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also shows little in-plane anisotropy of phonon transport for
C,-BTBTs. The extremely low lattice thermal conductivity
apparently favors TE transport in these materials. According to
the model that we proposed earlier, we speculate that C,-
BTBTs require a low doping level to achieve the optimal TE
efficiency, because of its ultralow lattice thermal conductivity
but ultrahigh hole mobility.

Combining the lattice thermal conductivity with the electrical
transport coeflicients, we finally obtained the dimensionless
figure of merit (zT) as a function of the carrier concentration
for Cg-BTBT, C,(-BTBT, and C,,-BTBT along the a- and b-
directions (see Figure S). When p-doped, the peak zT values
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Figure S. Calculated dimensionless thermoelectric figure of merit (zT)
versus the hole concentration for Cg-BTBT, C,,-BTBT, and C,,-
BTBT along the (a) a-direction and (b) b-direction under room
temperature.

for C¢-BTBT, C,-BTBT, and C;,-BTBT are 2.4, 2.4, and 2.6
along the a-direction at doping levels of 9.8 X 10" cm™, 9.3 X
10 em™3, and 11 X 10%® em™, respectively. In the b-direction,
the peak zT values are 2.2, 2.1, and 1.8 at doping levels of 9.8 X
10 cm™3, 9.3 x 10" em™3, and 9.3 X 10" cm™3, respectively
(see Table 4 and Table S4 in the Supporting Information). The
zT value obtained based on the relaxation times derived from
the DP theory, which are overestimated due to the neglection
of optical phonon scatterings, gives the upper boundary of our
theoretical prediction. When an empirical relaxation time of
19.9 fs was supplied for Cg-BTBT, the peak zT value was 0.73
at the optimal doping level of 22 X 10'® cm™ (see Figure 6 and
Table 4), which gives the lower boundary of our theoretical
prediction. At the optimal doping level, the Seebeck coefficients
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Figure 6. Electrical transport coefficients averaged over the a- and b-
directions and the zT value for C¢-BTBT as a function of the hole
concentration at 298 K. These TE transport coeflicients were obtained
based on an empirical relaxation time 7 = 19.9 fs, which was derived by
fitting the experimental mobility # (31.3 cm®> V™' s7") of single-crystal
C¢-BTBT to our calculated value. The Seebeck coefficient (S) was
plotted versus the logarithm of the hole concentration.

of these materials are all ~300 £V K™!, which coincide with
those reported for small-molecule organic semiconductors, such
as F,-TCNQ_doped pentacene at room temperature.”’ The
large Seebeck coefficients are due to the sharp DOS feature of
the VB and CB. By comparing the results for C¢-BTBT based
on two schemes to derive the relaxation times, we noted that,
with the lattice thermal conductivity and the effective density of
states fixed, when the mobility is low, the peak zT value is low,
while the optimal doping level is high (see Table 4). This is in
accordance with the conclusion drawn from the model that we
proposed: the TE material with high mobility possesses a high
peak zT value and a low optimal doping level. It should be
noted that since the electrical transport coeflicients calculated
are all intrinsic properties of the pristine materials without
explicitly taking into account the influence of dopants, the
absolute value of zT reported here is usually overestimated.
When the intrinsic mobility, the lattice thermal conductivity,
and the effective density of states of Cg-BTBT are supplied as
parameters to the simple model, we can predict the optimal
doping level and maximum zT value, and the values agree

Table 4. Optimal Doping Level and Peak zT Value for C;—BTBT at Room Temperature®

direction S (mVK') o¢(Q'em™!) S (uW cn ! K?)
DP model a 0.29 280 23.5
b 0.29 257 21.0
empirical average 0.22 110 5.57

k(Wm™ K") peak 2T value  optimal doping level (X 10" cm™)
0.12 2.4 9.8
0.10 2.2 9.8
0.05 0.73 22

“The electrical transport coefficients at the optimal doping level were provided. The relaxation time was either derived from the DP theory or

supplied as an empirical parameter.
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reasonably well with those from the first-principles calculations,
which validates the model proposed.

4. CONCLUSIONS

The enhanced TE efficiency of PEDOT by accurate control of
the oxidation level and the dopant volume'>'* suggests that
organic semiconductors can be potentially good TE materials.
However, doping optimization for improved TE properties is
still challenging practically, and a deep understanding of the
various factors that govern the TE properties of organics
materials is important.

In this work, by constructing a simple model, we
quantitatively obtain the optimal doping level and the peak
zT value from the intrinsic mobility, the effective density of
states, and the lattice thermal conductivity. The intrinsic
mobility and the effective density of states are related to the
electronic structure of a material, and the lattice thermal
conductivity is related to the lattice vibration. All of these are
intrinsic properties of pristine materials. The model shows that
a high intrinsic mobility and low lattice thermal conductivity
will lead to a low optimal doping level and high peak zT value.
The finding gives us important hints in the search for new
organic thermoelectric materials and their optimization. From
the theoretical perspective, the high intrinsic mobility calls for
the strong intermolecular electronic coupling, which often calls
for the short molecular stacking distance. The molecular
packing in organic semiconductors can be tuned by introducing
long alkyl side chains, as shown in the case of C,-BTBTs, and
by using lattice strains as demonstrated in TIPS-pentacene.®®
Moreover, reducing the grain boundaries, impurities, and
defects in organic materials will also help to enhance the
mobility.

For organic semiconductors that are loosely bonded by van
der Waals interactions, doping is necessary to obtain sufficient
charge carrier density, but at the same time, it often decreases
their mobilities. Considering the dilemma of the doping control
and the mobility of conducting molecules, we propose to search
for organic thermoelectric materials with high intrinsic mobility
and low lattice thermal conductivity, which tend to have a low
optimal doping level and a high figure of merit. If a small
amount of dopants are needed, the negative effect of doping on
the charge transport properties can be minimized.

As a demonstration of how the model works, we investigate,
from first-principles calculations, the TE properties of C,-
BTBTSs with varying alkyl chain lengths. Cg-BTBT has been
reported to have the highest mobility in all organic materials.
We find that C,-BTBTs not only exhibit high mobilities, but
also large Seebeck coefficients and extremely low lattice thermal
conductivities (0.18—0.25 W m™' K'), because of the
introduction of long alkyl chains. The lattice thermal
conductivities of BTBTs have reached the practical lower
limit for semiconductors: 0.2 W m™" K~'.°* When estimated
using the single-crystal mobility of C¢-BTBT (31.3 cm* V'
s7'), the peak zT value reaches 0.73 at an optimal doping level
of 22 X 10" cm™. These values are consistent with those
predicted from the simple model, using the properties of
undoped BTBTs. Our study suggests that if controlled doping
is achieved without significantly decrease of the charge
transport properties of the materials, BTBTs will become a
novel class of organic materials, showing remarkable potentials
for the TE applications.
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