Physical Chemistry Chemical Physics

¢ PCCP

Improvement of thermoelectric efficiency of polyaniline
molecular junction by doping process

Journal:

Physical Chemistry Chemical Physics

Manuscript ID:

CP-ART-03-2015-001263.R1

Article Type:

Paper

Date Submitted by the Author:

08-Apr-2015

Complete List of Authors:

Golsanamlou, Zahra; University of Guilan,
Bagheri Tagani, Meysam; University of Guilan,
Rahimpour Soleimani, Hamid; University of Guilan,

\RONE”




Page 1 of 7

Physical Chemistry Chemical Physics

CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronicfiles FOR DETAILS

ARTICLETYPE

WWW. rsc.org/xooxx | XXXXXXXX

Improvement of thermoelectric efficiency of polyaniline molecular

junction by doping process’

Zahra Golsanamlou,” Meysam Bagheri Tagani,”* and Hamid Rahimpour Soleimani*

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

First published on the web Xth XXXXXXXXXX 200X
DOI: 10.1039/b000000x

Thermoelectric properties of polyaniline molecular junction with face center cubic electrodes are investigated using Green
Sfunction formalism in linear response regime in the presence of doping process. Doping gives rise to the increase of thermopower
and figure of merit (ZT) and the decrease of electrical conductance as found experimentally in the work of Li et al. (Synthetic
Metals 160 (2010) 1153-1158). We also find that the ZT increases by molecular length in short polyanilines. [Golsanamlou et

al.,Physical Chemistry Chemical Physics , 2000, 35, 3523].

1 Introduction

1.0.0.1 Conducting polymers and their derivatives, have
been vastly investigated theoretically and experimentally in
the last decades, because of the striking features like easy
synthesis, good conductance, price and stability =, Also,
the different properties of polymers can be modified by dop-
ing process. Among these polymers polyaniline (PANI) is a
good choice for doping with protonic acids such as HCI, HF,
H,S04, HCIOy,... due to low cost, notable conductivity, new
optical properties = and stability in the air and humidity '°.
During the reaction of PANI with acids, different numbers of
positive charges are induced in the lattice but the number of
m-electrons is constant.

1.0.0.2  The transport properties of PANI samples in low
temperature were investigated by M. Ghosh et al. They ob-
tained that the resistivity of the protonated PANI with HCI has
weaker dependence to temperature !!. J. H. Jung et al. studied
the electrical, magnetic and structural properties of different
Littium-salt-doped PANI samples. They found that the sam-
ples with higher dc conductivity have higher density of sates
and are independent of temperature 2.

1.0.0.3 In the recent years, the using of molecular devices
has been widely spread and the waste of electrical energy has
became one of the major challenges about the devices. There-
fore, scientists have studied the possibility of the conversion
of generated thermal energy to electrical energy via thermo-
electric properties of the devices. So the investigation of ther-
moelectric properties of the molecular junction has been inter-
ested lately from two points of view: power generation and
saving energy '3-1°. The thermal efficiency of the system
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is defined by a dimensionless quantity that named figure of
merit: ZT = SzGT”T, where, S, G, , kK and T are thermopower,
electrical conductance, thermal conductance and applied tem-
perature, respectively.k = K, + K, that k,; is electron thermal
conductance and K, denotes the phonon thermal conductance
that is ignorable for organic molecular junctions due to exis-
tence of considerable mismatch between density of states of
the phonons in metallic electrodes and the phonon modes of
the molecule '6. PANI compounds have thermal properties
like specific heat capacities and thermal conductivities that
cause them as a good candidate for thermoelectric investiga-
tions 718, High electrical conductivity and acceptable ZT of
protonic acid-doped PANI films that were comparable with in-
organic thermoelectric materials were obtained in the work of
Hu Yan et al °. In another work, thermoelectric power and
electrical conductance of the PANI prepared in ionic liquid
have been studied experimentally. Results show that PANI is
a p-type semiconductor polymer 2°.

1.0.0.4 In this work, we study the thermoelectric prop-
erties of PANI molecular junction in presence and absence
of dopants using non-equilibrium Green function formalism
(NEGF) in linear response regime. Polyaniline in presence of
acids like CH3SO3H, HCI, H»SOy,... and ionic liquid can be
completely protonated and converted to emeraldine salt form,
highly stable form of PANI in experimental works like 102!,
Therefore, we consider the emeraldine salt form in present
work as acid doped PANI (See Figs. 1a and b). The PANI is
located between two semi-infinite three dimensional face cen-
ter cubic (FCC) electrodes and a tight-binding (TB) model is
used for describing of the Hamiltonian of the molecule. Con-
ditions leading to improvement of figure of merit are also in-
vestigated. To the best of our knowledge few theoretical works
about transport features of doped PANI junction were per-
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Fig. 1 a) Undoped polyaniline, b) Doped polyaniline.

formed until now and the investigation on thermoelectric ef-
ficiency of the prtonated PANI junctions using NEGF has not
been reported. Our results are comparable with the experi-
mental works. The paper is organized as follows: the theo-
retical method is expressed in Sec.2 and the numerical results
are presented in Sec.3. At the end of the paper, we give some
sentences as a conclusion.

2 Model and Formalism

2.0.0.5 We explain our formalism by writing the total
Hamiltonian of the system as follows:

H=Hc+H, +Hr 1)

where, H. and Hy are the Hamiltonian of the electrodes and
coupling of the molecule to the electrodes, respectively. H,;,;,;
describes the Hamiltonian of the PANI:

in PANI by doping process, Vi or V¢ is equal to Vp = 0.7
eV, otherwise V; or Vi is considered as Vy = 0.73 eV 2223,
Figs. 1a and b show these parameters for undoped and doped
PANI, respectively. The Hamiltonian of the electrodes can be
expressed as:

Hc = Zsoc,tck — t(chkH +h.c), 3)
k

where, the & is the on-site energy in the electrode and t is
the hopping parameter between nearest neighbor atoms in the
electrodes. The electron tunneling from the FCC electrodes to
the molecule is as follows:

Hr =Y 1. (cpdi+ h.c). 4)
i
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H,, = Z{Eidjdi +V2Ld;di—2 +VLd,~Tdi—1 +VRd,-Tdi+l —l—VszdeHz. Fig. 2 a) The local density of states of the electrode at the top site

l

@)
In the above Hamiltonian g; is the on-site energy of a ben-
zenoid ring and is set to —7.5 eV that is equal in two con-
sidered states (undoped and doped states). V,r and Vg are
the hopping integral for the next neighbor rings. We assume
Vor=Vor=Vpny=-0.07 eV for doped PaNI and V,;=Vog=Vyn=-
0.075 eV for undoped PANI. The hopping integrals between
two adjacent rings are V7 and V. If the benzenoid rings are
connected by protonated nitrogen, that is alternately appeared

on the surface versus energy, p.(E) = —1/n ffﬂ(gs(a))dkxdky
where, k, and ky, are the wave vector in x and y directions,
respectively. b)Energy dependent Transmission coefficient in doped
and undoped polyaniline molecular junctions, n=3.

Here, 7. = tc denotes coupling strength between the
molecule and metallic electrodes. We assume only one point
of the electrodes is connected to the ending points of the
molecule in both sides which means the molecule is coupled
to on top site of the electrode and 7, = —1 eV. The retarded
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Green function of the system can be expressed as 2*:

G'(€) =[(+i0" ) — Hypo —Z1(€) = Zr(e)] ', (5)

where, 07 is an infinitesimal value. Ea(ZLO,R)(e) expresses
the self-energy function that describes the effect of semi-
infinite metallic electrodes on the molecule and is defined as:
Y= T:‘LgLTCA’L and Xg = Tg &R Ty . Where, g and g are sur-
face Green functions for the left and right FCC electrodes, re-
spectively, which are calculated by procedure introduced in
25 Fig. 2a shows the local density of states of the electrode
at the top site on the surface which is comparable with the
Fig.1in ?. According to the energy levels of the molecule af-
ter coupling, we choose the Ey = —7.47 as a Fermi energy of
the electrodes located between the HOMO-LUMO gap. Also,
the g = —7.6 eV and r = —2.5 eV are considered as on-site
energy and hopping parameter of the electrodes, respectively.
The interaction of PANI with FCC electrodes is studied in ex-
perimental works like 2%%7. The transmission coefficient of
the electron transport from the left electrode to the right one is
given by:

T(e) = Tr[T1(€)G" (e)Tr(€) G4 (€))] ©®)

where, the broadening matrix (I'¢(€)) is the imaginary part of
the self-energy:
Iy =—-2Im(Xy). @)

Fig. 2b indicates the transmission coefficient of the junction
for undoped and doped PANI junctions. A renormalization in
energy levels of the system is observed in presence of doping
process.

To obtain thermoelectric coefficients, we need to consider
the charge and heat currents using the Keldysh nonequilibrium
Green function formalism as follows, respectively 2428:

I= %/dg[fL(E) — fr(e)]T (¢), (82)
Q= %/dg(g —ur)[fL(e) — fr(€)]T (€), (8b)

where, fo(€) = [1 +exp((€ — Ug)/kTy)] " is the Fermi-Dirac
distribution function of electrode o, T, and py denote the
temperature and chemical potential of electrode «, respec-
tively. In this work the thermoelectric properties of the system
are studied in linear response regime in which the charge and
heat currents are expanded by induced voltage drop, AV, and
temperature gradient, AT, to the first order as bellow:

I =LAV + %LlAT, (9a)
1
Q= eLiAV + - LoAT, (9b)
where
1 2 0f
L,= ~ /ds(e —u) a—ST(s). (10)

Thermopower is calculated in absence of current (I = 0) and
defined as the ratio of induced voltage drop to the applied tem-
perature gradient. Therefore, S = —ﬁ i—(‘) The electrical con-
ductance, G,, thermal conductance, k, and figure of merit are

given by:

G, = é’Ly, (11a)
1 ?
Ky = —[L, — =L 11b
el T[ 2 LO]7 ( )
S2G,T
7T = 2 Jef (11c¢)
Kel + Kph

The electron-phonon coupling is weak in organic molecules,

so we can write ZT as follows 1°:
ZT =7ZT,)————, 12
ell—‘r‘Kph/K'el (12)
where,
LoL,
ZTa = (=5~ = 1% (13)

1

Here, k,, = K0T, that ko = (72 /3)(kgT /h) denotes the ther-
mal conductance quantum 2° and Ty, is the phonon transmis-
sion probability. The Debye frequency in the metal electrode
is typically smaller than the lowest vibrational mode of an or-
ganic molecule that causes a big mismatch in vibrational spec-
tra suppressing the phonon transmission in the junction 3°. In
other words, this spectral overlap of phonon modes between
the two parts of the junction is small, that results 7,, < 1
and we can consider ZT ~ ZT,; '°. We focus on the electron
transport, so the thermal energy carried by electrons is just
regarded. In our work we consider the temperatures above
60k that in these temperatures the phonon thermal conduc-
tance is approximately constant 3'. Therefore with consid-
ering phonon thermal conductance, a small constant term is
added to Kk,; as K, and the real value of ZT has a bit reduction.
Furthermore, the linear dependence of thermopower of molec-
ular junctions on the length, observed in the experiments 3233,
shows that the phonons have no important role and transport
is ballistic. So in this work, we obtain the maximum value of
ZT for the molecular junction and ignor the phonon thermal
conductance.

3 Results and Discussion

In the first part of this section, we consider temperature and
doping dependence of thermoelectric coefficients of PANI
junction. Figs. 3a and c shows the electrical and electron ther-
mal conductances in presence and absence of doping process
versus temperature, respectively. It is obvious that the con-
ductances are reduced by dopants. In the case of G, the peak-
dip distance increases in presence of dopants due to renormal-
ization in energy levels of the molecule, See the Fig. 3b and
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Fig. 3 a) Electrical conductance versus temperature, b) transmission
coefficient peaks in vicinity of HOMO-LUMO gap, Fermi derivative
is in gray, c) electron thermal conductance as a function of
temperature and d) (& — u)?(— %)T(e) in vicinity of the gap for
T=480k. All figures are drawn for undoped and doped PANI
junctions, Ey = —7.47 eV, n=3.

Fig. 2b. Threfore, it can be inferred that the protonate atoms
(or ions) act as a potential barrier for the transport. The elec-
tron thermal conductance has two significant terms: L, and
L /Ly. Our investigations reveal that the importance of L /Lo
is very less than L, so we focus on behavior of L,. As it is ob-
served from Fig. 3d, (¢ — u)z(—g—g)T(s) is more for undoped
PANI junction. In this Fig. the height of peak located near
the HOMO level is more than LUMO one, because the Fermi
level is near to the HOMO level and transmission coefficient
is asymmetric with respect to Ey.

3.0.0.6  Our results show that the thermopower increases
in doped PANI, see Fig. 4a. The thermopower is the ra-
tio of L /Ly, so it is necessary to study the manner of the

(e— “)(,%)T(g) and (fg—fg)T(s) to clarify the changes of
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Fig. 4 a) Temperature dependance thermopower, b)

(e— u)(fg—g)T(e), c) (f%)T(s) and d) figure of merit versus
temperature in both doped and undoped PANI, Ey = —7.47 eV, n=3.
b) and c) are plotted for T=480k.

thermopawer, see the Figs. 4b and c, respectively. Figs show
that although the magnitude of L; and Ly is more in undoped
case, their ratio is bigger in doped one. Fig. 4d represents the
figure of merit of the molecular junction in the presence and
absence of dopants as a function of temperature. The ther-
mopower has the most effect on ZT (order 2), therefore, ZT
in doped case is bigger than the other. It is obvious from the
Fig. 4d, the presence of dopants has improved the thermoelec-
tric efficiency of the junction. Our results, the decrease of the
G,, increase of S and ZT in acid-doped PANI versus tempera-
ture, are confirmed by the experimental work of Li et al. 34, If
we consider the phonon thermal conductance in our work, ZT
has the reduction almost one order of magnitude 3!. The elec-
trical and electron thermal conductances increase by temper-
ature enhancement because the Fermi derivative is broadened
with temperature and the more part of transmission coefficient
peaks can be covered by (— %) The increase of thermopower
with temperature is resulted from the enhancement of asym-
metry in L; with temperature increase.

3.0.0.7 The effect of increasing of the molecular length on
thermoelectric coefficients of the doped PANI junction versus
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Fig. 5 a) Temperature dependance electrical conductance for
different lengths of doped PANI, b) (— g—é)T(s) in T=110k, c)
Electrical conductance versus temperature for different lengths of
undoped PANI, and d) thermopower as a function of temperature for
different lengths of doped PANI.

temperature is observed in Figs. 5 and 6 except Fig. 5S¢ which
belongs to undoped state. With increasing of the molecular
length, the number of m-electrons in the molecule increases
giving rise to a renormalization of molecular levels, and as
a consequence the distance between the energy levels of the
molecule decreases 33-3°. Hence, more molecular energy lev-
els can be covered by temperature window (_%)’ and as a
result, the thermoelectric coefficients increase. On the other
hand, with enhancement of temperature the thermoelectric co-
efficients increase in each PANI length. The increase of ther-
mopower with length was reported in the work of Malen et al.
37 Tt is interesting to note that the dependence of electrical
conductance on the length is strongly related to the tempera-
ture. In low temperatures (less than 150k) the G, is reduced by
increase of length, but its magnitude becomes directly depen-
dent on the length in higher temperatures. It results from the

400 480

a b
018 : : 07 ‘
— =3 \l .
—mnm !N
B f
=y 3 06f
! [
0.14f ] [y
' Y

051
0121

01 04

zT
zZT

0.08 03t

006
0.2r

ooaf !

- 01r
0.02

! 0
400 480 20 40 60
N

0= . . P
60100 200 300 80 100 120

T(K)

Fig. 6 a) Temperature dependence figure of merit for different
lengths of doped PANI junction, b) The maximum of figure of merit
of the junction as a function of molecular rings. Ey = —7.47 eV and
N/d=n

shape of the transmission and broadening of the Fermi deriva-
tive, see the Figs. 5a and b. In the case of undoped PANI,
as it is observed from Fig. 5c, the electrical conductance has
uniform increase with length. The sign of thermopower de-
termines the kind of carrier dominant in transport mechanism
and location of the Fermi level. It can be found from positive
value for the thermopower in all considered lengths in Fig. 5d
that the main carriers in transport mechanism are holes and
the Fermi level of the electrode is near to the HOMO. As it
is observed from Fig. 6a, ZT increases in considered length.
In some experimental works like 3 the thermal conductance
does not increase with length even it has a reduction with
molecular length for alkanedithiol self-assembled monolay-
ers. On the other hand, if thermal conductance has the increase
by molecular length, we expect that the increase of numerator
in ZT is much greater than increase of denominator and finally
the ZT increases by length enhancement. The Fig. 6b repre-
sents that maximum of ZT versus temperature in each consid-
ered length is linearly dependent on the length until n=9, and
then, it oscillates with length enhancement.

3.0.0.8 In last part of the work, we examine the effect of
displacement of chemical potential of the electrodes on ther-
moelectric properties of the molecular junction in the presence

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [veol], 1-7 |5



Physical Chemistry Chemical Physics

b
005 : : :
2
)
S
:(E
001
0 : : : 0 : : :
45 8 15 O 65 45 8 15 T 65
H(ev) 1Y)
c d
1 04 :
05
0
g 0
[0)]
05

85 8 75 T 65 85 % 15 T 65
HEY) HEY)

Fig. 7 Thermoelectric properties of polyaniline molecular junction
a) electrical conductance, b) thermal conductance, c) thermopower
and d) figure of merit, as a function of chemical potential of the
electrodes for undoped and doped states. T=300k

and absence of dopants for the case of n = 3 via Fig. 7. The po-
sition of the chemical potential of the electrodes can be easily
controlled by a bias. When the location of the chemical po-
tential of the electrodes is changed the levels of the molecule
participating in energy and charge transport can be changed. It
is obvious from Figs. 7a-d, in vicinity of HOMO and LUMO
levels, the two main levels taking part in transport mechanism,
electrical and thermal conductances decrease due to doping
process but the value of the thermopower increases. k peaks
are broadened with respect to G, ones due to the effect of the
temperature. The oscillation behavior of the thermopower de-
notes the change in population of the molecular energy levels
3840 The sign of the thermopower changes when the Fermi
level crosses from electron-hole symmetry points and from
resonance energies. Therefore, the thermopower is zero in
these points *!. In symmetry points, electrons and holes have
the same weight in transport mechanism via opposite sign and

the induced voltage drop is zero. In resonance energies, the
carriers can tunnel from the colder and hotter electrodes to
the molecular levels without needing thermal energy, so the
themperature gradient cannot create a net electrical current
and as a consequence the thermopower becomes zero. The fig-
ure of merit of the molecular junction in doped and undoped
PANI junction is indicated in Fig. 7d. We observe that the ZT
changes only in vicinity of HOMO and LUMO levels and in-
creases in these energies during the doping process because of
the identical behavior for the thermopower.

4 Conclusion

In this work, we have studied the thermoelectric properties
of polyaniline (PANI) molecular junction in presence and ab-
sence of doping process using nonequilibrium Green function
in linear response regime. The Hamiltonian of the molecule
is described via the tight binding model and three dimensional
semi-infinite FCC electrodes are used in the junction. The
results provide a useful view to investigate doped-PANI as a
thermoelectric material. Because the figure of merit of the
junction increases in the presence of dopants as thermopower
increases, but the electrical and thermal conductances de-
crease in doping process. In addition the thermoelectric prop-
erties of the PANI junction increase in higher temperatures and
short lengths.
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