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ABSTRACT

The Seebeck effect or thermopower relates the temperature gradient to the electric voltage drop. Seebeck coefficient o measures the transport
entropy, which could either linearly increase with temperature T like metallic conducting or decrease as 1/T like semiconducting behavior.
It could become more complicated in the temperature dependence for a number of disordered systems but still in a monotonic way.
However, several recent experiments reported the “abnormal” non-monotonic temperature dependence of the Seebeck coefficient in doped
conducting polymers, for instance, first increasing and then decreasing. Through a one-dimensional tight-binding model coupled with the
Boltzmann transport equation, we investigate theoretically the doping effect for the Seebeck coefficient. We find that the abnormal behavior
comes from multi bands’ contribution and a two-band model (conduction or valence band plus a narrow polaronic band) can address such
an abnormal Seebeck effect, namely, if there exists (i) a small bandgap accessible for thermal activation between the two bands; and (ii) a
large difference in the bandwidth between the polaronic band and the conduction band (or valence band), then the Seebeck coefficient
increases with temperature first, then levels off, and finally drops down.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0043863

Conducting polymers for thermoelectric applications have
attracted growing research interest in the past few decades with the fig-
ure of merit ZT increasing from 10> to 0.4."~ Seebeck coefficient o
measures the voltage drop with respect to the temperature gradient
and is regarded as “transport entropy,”® namely, the occupation
entropy changes with respect to carrier numbers. There have been a
number of models proposed earlier in the literature for the thermo-
electric transport behavior in conducting polymers, ranging from
metallic”* to semiconducting’ behavior and to several hopping mech-
anisms such as mobility edge,' variable range hopping,'"'* and
Efros-Shklovskii hopping.'” Even though these differ enormously over
the transport mechanisms,'* these all demonstrated the monotonic
temperature dependence, decreasing or increasing. Nevertheless, non-
monotonic temperature dependences of the Seebeck coefficient have
been observed in conducting polymer systems for which the absolute
value of the Seebeck coefficient increases quickly at low temperature
but decreases at high temperature.”'”'” Previously, it has been consid-
ered to combine two models, one for the increase and the other for the
decrease with temperature.'® However, it lacks a unified physical ratio-
nalization. By performing density functional theory computation

coupled with the Boltzmann transport equation considering phonon
scattering and impurity scattering terms, we have demonstrated that
the doping-induced polaronic band can boost the thermoelectric
power factor in potassium-doped metal-coordinated polymers, and at
a low doping concentration, the Seebeck coefficient increases with
temperature, then levels off, and finally decreases with temperature.'’
In this work, we term such atypical temperature behavior as the
“abnormal Seebeck effect,” and we will illustrate such atypical temper-
ature behavior from a tight-binding study.

We take an n-type doped conducting polymer as an example,
which is modeled by the following Hamiltonian:

H = saa;+ Zﬁ(ajam +ala). (1)
1 1

As shown in Fig. 1(a), site index i represents the lowest unoccu-
pied molecular orbital (LUMO) for ith unit cell with energy ¢ and only
nearest-neighbor hopping integral f§ is taken into account. For n-type
doping, dopant orbital’s interaction with the main chain is also
included in site energy difference A¢ and hopping integral f8'. For N
unit cells, there is one dopant. The periodic boundary condition is
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FIG. 1. (a) Graphic illustration of the tight-binding model employed in our work. (b) Band structure of the undoped chain with f = —0.5eV and ¢ = 1.0 eV. The calculated
band structures and density of states (DOS) with 1 : N doping are plotted in (c) and (d). Here, we set f = —0.5eV, Ae = 1.0eV, f’ = 1.5p, and Er = 0. We observe the
formation of a half-filling doping-induced polaronic band (red) whose charge distribution x is plotted as well. We also plot calculated band structures, density of states (DOS),
and charge distribution in (€) when p = —0.5eV, Ac = 1.0eV, and B’ = 0. Note that charge is totally delocalized in the whole chain when ' = 0.

adopted to calculate the band structure. The length of a structure unit
a is set as 20 a.u. (ca. 1.06 nm) for simplicity, and the size of a unit cell
is Na.

The Boltzmann transport equation™””' was employed to calculate
conductivity o and Seebeck coefficient o. The conductivity ¢ = . g;
is the summation over all bands and Seebeck coefficient o0 =13~ 1%0;

is weighted average of each band’s Seebeck coefficient based on con-
ductivity. In our one-dimensional model,

0
o = e zk: <— a—J];) ViVETE, (2)
e E— EF 8f
% = p ; T (— ﬁ) ViV Tk, (3)

where v, = %% is the group velocity, j is the label of the bands, and
f=1/{1+exp[(E — Er)/kgT] } is the Fermi distribution function.

According to Matthiessen’s rule,’”’ the relaxation time t is
expressed as

= r;hl + ri_njp, (4)

where 7, is the relaxation time related to electron-phonon scattering.
According to deformation potential theory,”’

2
L_@@Za(m_@)(l—cose), (5)

W B G T

where C;;, Ej, and 0 are the elastic constant, deformation potential
constant, and scattering angle, respectively. Considering (i) scattering
angle 0 is either 0 or 7 in a one-dimensional system and (ii) the calcu-
lated band structures shown in Fig. 1 are monotonic in [0, 7/Na], we
can approximate Eq. (5) as ‘L';hl = AT, where A; is a wave vector
independent constant.

Timp is the relaxation time related to electron-impurity scattering,
As a primitive approximation,”” we postulate T,-_,,,IP =A;/(N+1),
which is proportional to the concentration of impurities and indepen-
dent of temperature. Thus, the following relaxation time formula is
obtained:

= [AT+ A/ (N+1)] . 6)

Here, A; and A, are constants to be fitted by first-principles calcula-
tions. From Ref. 23, we obtain A; = 10" 'K~' and A, = 1035~ .
As shown in Fig. 1(b), the conduction band of the undoped chain
is formed by the interaction between the lowest unoccupied molecular
orbitals (LUMOs) for the unit cell. The band structures and density
of states (DOS) after doping are presented in Figs. 1(c) and 1(d).
Here, we set f=—0.5¢eV and Ae=1.0eV by fitting previous
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first-principles calculations.'””' f’ = 1.5f was set to make the doping
effect more pronounced. When /8 is nonzero, the original translational
symmetry is broken, so a series of separate bands are formed. Namely,
with 1 : N doping, the wide and continuous band of the pristine poly-
mer splits into N separated bands. The bottom band is half-filling, and
it is quite narrow when N is large.

Charge distribution is calculated through orbitals’ combination
coefficient and is also included in Figs. 1(c) and 1(d). About 95%
charge transfer from the dopant to the chain when ' = 1.58. When
lightly doped, according to the calculated charge distribution of the
narrow half-filling band in Fig. 1(d), charge mainly localizes at the
units close to the dopant and the charge density decreases quickly
away from dopant site. Combined with Fig. 1(e), the localization of the
charge carrier in the narrow band results from the additional interac-
tion between the LUMO of the structure unit and orbital of dopants,
which stabilizes electrons near the dopant. These localized states are
generally accompanied by lattice distortion, which stabilizes localized
states further.” Considering the bottom band is narrow, half-filling,
and formed by doping-induced localized states, we term this band as
the “doping induced polaronic band (PB).”*> As shown in Fig. 1(d),
bands above the PB are relatively much wider, preserving the delocal-
ized nature of pristine conducting polymer’s conduction band. In
addition, the bandgap between the PB and the conduction band (CB)
is small that the thermal activation can be expected to play an essential
role in transport phenomena.

For a specific doped conducting polymer system, 3, §/, and Ae
are constant at different doping levels. Several features of band
structures at different doping levels can be notified, as shown in
Fig. 2. Namely, both the bandwidth of doping-induced polaronic
band Wpg and the bandgap A between the PB and the CB decrease
with N.

Temperature dependences of conductivity and the Seebeck coeffi-
cient at different doping levels are calculated through Boltzmann
transport theory in Fig. 3. When heavily doped (N = 3), conductivity
decreases with increasing temperature and the Seebeck coefficient
increases linearly with increasing temperature, revealing a metallic
transport behavior.” However, an abnormal nonmonotonic tempera-
ture dependence is observed in lightly doped systems (N = 21). As
temperature increases, conductivity decreases in the low temperature
region, indicating a metallic behavior. However, as temperature keeps
increasing, the conductivity will increase dramatically with increasing

10° 3 0.30
PN ‘
10" 1A l\.\- —10.24
—~ E ~m i
S 1\ . ~
c) 10.2_§ \ l\.\.\- =40.18 %
E E \ ‘I\.\. 1 ~
B 10-3_- A\k ~Eg {0.12 N
g% ] A\A~A~A~A,A_ A—r—:_‘ 40.06
' 8 12 16 20
N

FIG. 2. Dependence of the bandwidth of PB Wpg and the bandgap between the PB
and CB A. Here, f = —0.5€eV, Ac = 1.0eV.and ' = 1.58.
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FIG. 3. Temperature dependence of (a) conductivity and (b) the Seebeck coefficient
at different doping levels. An abnormal Seebeck effect is observed when lightly
doped.

temperature, which reveals a thermally activated transport behavior.
This nonmonotonic temperature dependence was reported in experi-
ments.””® Meanwhile, in the low temperature region, a boost of the
Seebeck coefficient with increasing temperature is observed. After the
arrival of maximum, the Seebeck coefficient levels off and finally
decreases with increasing temperature. This temperature dependence
agrees with phenomena observed in experiments”'”"'” and is termed
as the abnormal Seebeck effect in our work.

To understand this abnormal Seebeck effect, we calculate the
temperature dependence of conductivity and the Seebeck coeffi-
cient with different numbers of the band. In Figs. 4(a) and 4(b), the
conductivity and Seebeck coefficient are mainly contributed by the
PB in the full temperature region when heavily doped (N = 3). In
Figs. 4(c) and 4(d), a multi-band transport behavior is observed
when lightly doped (N = 21). If we only consider PB’s contribu-
tion, transport behavior significantly differs from the total behav-
ior. A critical change is observed when we consider the bottom
two bands, i.e., the PB and CB. In this case, the conductivity
decreases with increasing temperature in the low temperature
region and increases in the high temperature region, while the
Seebeck coefficient increases first and finally decreases. When
more bands are considered, the transport behavior keeps
approaching the total behavior and coincides if bottom 6 bands
are considered. In summary, the abnormal Seebeck effect is a
multi-band effect and a similar tendency can be observed when
bottom two bands are considered. The graphical illustration is
presented in Fig. 5.

To elucidate the different temperature dependence at different
doping levels, a simplified two-band model is considered here to
explain Figs. 4(c) and 4(d). Namely, only the half-filling PB and CB
shown in Fig. 5 are considered to analyze the different temperature
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dependence. In the two-band model, the total conductivity and
Seebeck coefficient can be expressed as follows:

0 = opp+ 0cs
5 — XpBOPB + OcBOCE (7)
opp + 0cB

Band III e

- = = = — ——=—=—— — — [r

Half-filling PB

>DOS

FIG. 5. Abstract band structure when lightly doped. Bands close to the Fermi level
contribute to conductivity and the Seebeck coefficient.
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Obviously, the band with the larger conductivity will dominate
the thermoelectric behavior. A ratio ocg/app is defined to measure the
relative conductivity:

62 Z (—6f/aE)Vka‘L'k

0CB _ k,CB

opp ¢ Z (=0f JOE)vivetic

k.PB

(8)

Considering the periodicity and symmetry of band structures, we
postulate

E(k) =W Z b, cos nNak + constant, 9)

n=1

where W is the bandwidth and b, is constant depending on the shape
of energy bands. Thus,

—n/Na h

n=1

n/Na 1N 2
Z Vv = W2 J |:Z niab, sin nNak:| dk = BW?.  (10)
k

Here, B is a constant calculated from the integral.
For Fermi distribution,

LD o]

When E — Ep is small, as is the case in the PB, we make approxi-
mation E — Er = 0 and substitute to Eq. (11). Then,

of 1
" OE  4kgT’ (12)
When E — E is relatively large, as is the case in the CB, f < 1,
o _ f 1 (13)

ToE” ksT ~ kTl + exp(A/kgT)]

Here, considering that the PB is very narrow, we make approxi-
mation E — Ep ~ A in Eq. (13) further, where A is the bandgap.
Substituting Egs. (6), (10), (12), and (13) into Eq. (8), we get

WPB) [1 4 exp(A/kpT)]

Equation (14) reveals that a small bandgap plus a large CB band-
width leads the CB to play a dominant important role in finite temper-
ature transport.

Therefore, we shall discuss the following two cases:

g
== Constant X (

OpB

(14)

i) When heavily doped, i.e., N is small. As shown in Fig. 2, the
PB is wide and the bandgap between the PB and the CB is
relatively large. Consequently, the PB dominates transport,
which leads to a metallic band-like transport behavior.

(i)  When lightly doped, i.e., N is large. The narrow PB indicates
a large ratio W¢p/Wpg and the small bandgap A enhances
thermal activation. These make the CB dominate the con-
ductivity and Seebeck coefficient as thermal activation for
high temperature. However, the PB still dominates the con-
ductivity in the low temperature region. Therefore, a
metallic-like decrease in conductivity with increasing
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temperature is observed in the low temperature region.
While in the high temperature region, conductivity
increases with increasing temperature because of increasing
thermal activation.

Different from the wide PB in case (i), the PB in case (ii) is nar-
row. In a narrow band limit, the Seebeck coefficient of a half-filling
band is so small that can be ignored.” Therefore, a further approxima-
tion is reliable:

o= %pp0pp + 0lcBOCB _  %CBOCB _ %cB (15)
opp + 0cs opp+0cp  ops/ocp+ 1’
where’
A
079):] :?3+A4 (16)

Here, A and A, are temperature independent constants.
In the low temperature region, the PB dominates the conductivity
and the total Seebeck coefficient is
%cB ocB

~ocp— - (17)

oy =———
opp/0oce + 1 app

Substituting Eqgs. (14) and (16) into Eq. (17) and calculating the
derivative, we will find that the Seebeck coefficient increases with
increasing temperature as a result of thermal activation.

In the high temperature region, the CB dominates the conductiv-
ity and the PB has no influence on transport behavior other than pin-
ning the Fermi level inside itself. Consequently, we obtain a
semiconductor-like temperature dependence of the total Seebeck
coefficient:

e A

~ 0cB %—3+A4 (18)

o =7
HT O'PB/O'CB+1 T

Thus, the Seebeck coefficient decreases with increasing tempera-
ture in the high temperature region.

In summary, we employ a tight-binding model to analyze the
abnormal Seebeck effect observed in recent experiments. The doping-
induced narrow and half-filled polaronic band plays an essential role.
Through the Boltzmann transport equation, for the light doping case,
the Seebeck coefficient increases first, then levels off, and finally
decreases. A simple two-band model (a narrow polaronic band plus a
wide conduction band) is adopted. For the lightly doped polymer, we
find that (i) a small bandgap is accessible for thermal activation
between two bands and (ii) there exists a large difference in the band-
width between the two bands. Then, at low temperature, the polaronic
band dominates transport, leading to a decrease in conductivity but an
increase in the Seebeck coefficient with temperature. Then, at higher
temperature, the conduction band participates in transport through
thermal activation, leading to an increase in conductivity and a
decrease in the Seebeck coefficient. However, for the heavily doped
polymer, since the polaronic band is quite wide and the gap to the CB
is large, only normal metallic behavior can be observed. We note that
during the recent rush for high ZT nanomaterials, similar abnormal

ARTICLE scitation.org/journal/apl

Seebeck effects have also been found in Sb-doped PbSe or SnSe and its
potassium/sodium/lithium doped polycrystals.”””*
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