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Among the conducting polymers, poly(3,4-ethylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS)

has been extensively investigated for organic thermoelectric device applications owing to its high

electrical conductivity (s), flexibility and easy processability. The thermoelectric (TE) power factor –

a factor that determines the efficiency of a thermoelectric material, is very critical in developing high-

efficiency thermoelectric devices. The TE power factor of PEDOT:PSS requires further enhancement in

realizing efficient organic TE devices. Recently, we have reported a layer-by-layer deposition technique

to deposit PEDOT:PSS and poly aniline-camphor sulfonic acid (PANI-CSA) forming a PEDOT:PSS/PANI-

CSA multilayer (ML) thin film structure with an enhanced thermoelectric power factor up to 49 mW m�1

K�1. However, there exist several ambiguities regarding the parameters that control the TE power factor

in (ML) thin films. In order to identify the parameters that control the TE power factor of ML thin films,

PEDOT:PSS/PANI-CSA ML thin films have been deposited by varying the deposition conditions such as

spin speed, the number of layers, solvent treatment, and thickness of each layer. A thermoelectric power

factor up to 325 mW m�1 K�1 is achieved by properly optimizing the spin speed, number of layers, and

the thickness of each layer in ML thin films. The enhanced thermoelectric power factor is the result of

multiple factors such as stretching of PEDOT chains, structural conformation change from benzoid to

quinoid, and excess PSS removal from the top of the PEDOT:PSS layer through solvent treatment and at

the PEDOT:PSS/PANI-CSA interface. Our study provides the basis for realizing an enhanced

thermoelectric power factor of organic thermoelectric multilayer structures consisting of ultra-thin

polymer thin films similar to inorganic superlattices having 2D confinement.
Introduction

The layer-by-layer (LBL) sequential deposition of polymers is an
easy, efficient, and versatile way to fabricate nanostructured
macroscopic lms exhibiting a wide range of applications. In
the LBL process, the alternate polymers are adsorbed onto each
other via hydrogen bonding, hydrophobic or covalent interac-
tions.1–4 Our group and others have used this technique to
fabricate multilayer (ML) thermoelectric (TE) thin lms exhib-
iting an enhanced thermoelectric power factor (P). The multi-
layer thin lms mostly comprise sequentially deposited
polymers as well as polymer/inorganic hybrids.5–11 The major
advantage of this technique is that enhanced thermoelectric
properties can be achieved regardless of the inferior TE
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properties of the individual layers. Moreover, the thermal
conductivity of polymers is intrinsically low and the thermal
conductivity of such ML thin lms will be even lower because of
the phonon scattering at the chain/grain boundaries.12

PEDOT:PSS and PANI-CSA are the two major polymers that have
been used for various applications such as TE thin lms, solar
cells, and energy devices.13–17 PEDOT:PSS has been widely used
polymer to fabricate organic TE thin lms so that various
strategies have been developed to improve the TE parameters –
electrical conductivity (s) and Seebeck coefficient (S).18–28 Our
group has developed PEDOT:PSS/PANI-CSA ML thin lms and
observed enhanced TE properties compared to those of indi-
vidual PEDOT:PSS or PANI-CSA layers.5 The interdependency of
the TE parameters of PEDOT:PSS thin lms was decoupled
through growing alternating layers of PEDOT:PSS and PANI-CSA
thin lms.5 In a recent study on PEDOT:PSS/PANI ML thin lms,
Andrei et al. reported that the enhancement in TE properties is
observed because of the removal of excess PSS chains from the
PEDOT:PSS via the formation of PANI:PSS salt at the
PEDOT:PSS/PANI interface.6 However, the TE properties of the
ML thin lms deposited by them were inferior.6 The
RSC Adv., 2019, 9, 11595–11601 | 11595
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inconsistency in the TE properties of our lms and those re-
ported by Andrei et al. is because of various reasons such as the
differences in the precursor solutions, deposition method, spin
speed, etc. Fan et al. reported that higher molecular weight has
been found to enhance the TE properties of Clevios PH1000
PEDOT:PSS.29 This suggests that various factors contribute
toward the enhancement of the TE properties and the lack of
understanding of those key factors will result in the inferior TE
properties of the grownML thin lms. A thorough experimental
study is required and the parameters to control TE perfor-
mances such as s, S, and power factor should be gured out to
further improve the TE performances of PEDOT:PSS/PANI-CSA
ML thin lms. Apart from the inherent issues of polymers
such as low s and S, the degradation of the conducting polymer
thin lms over time is also a major issue which requires further
attention.30 However, we have not focussed the issue of degra-
dation of polymer thin lms in this study.

Herein we grow the PEDOT:PSS/PANI-CSA ML thin lm
structures via layer-by-layer deposition using a spin coating
technique. In order to identify how TE properties of ML thin
lms vary, a detailed study was carried out by varying the spin
speed, the thickness of each layer, and number of layers in the
ML thin lms. The proper control of the experimental param-
eters has resulted in the optimization of the s, and S values
which resulted in achieving an enhanced TE power factor in
PEDOT:PSS/PANI-CSA ML thin lms.

Experiment

The preparation methods of the precursor solutions and the
deposition of the multilayer thin lms were carried out as
described in our early report.5 Note that the PANI-CSA solution
is different from that we used in our early studies.5 The detailed
description of the experimental methods is given in the ESI.†
The difference in the PANI-CSA precursor solution used in both
studies is also given in detail. The PEDOT:PSS/PANI-CSA thin
lms were deposited at various spin speeds ranging from 3000–
9000 rpm, in steps of 1000 rpm. A schematic showing the
deposition of ML thin lms is shown in Fig. 1(a).

Fig. 1(b–e) show the atomic force microscope (AFM) images
of the ML thin lms deposited at various spin speeds. The as-
deposited single-layer and ML thin lms were post-treated
using dimethyl sulfoxide (DMSO). In the ML thin lms only
top layer PEDOT:PSS thin lm was treated using DMSO solvent.
All the lms were deposited in a glove box under N2 ambient.

Results and discussions

The AFM images displayed in the Fig. 1(b–e) and the root mean
square (rms) roughness data show that, as the spin speed
increases, the lms become rougher. The digital photographs of
the as-deposited PEDOT:PSS, PANI-CSA, and PEDOT:PSS/PANI-
CSAML thin lms are also shown in Fig. 1(f–j). The as-deposited
PEDOT:PSS and PANI-CSA thin lms are highly uniform and
transparent while the PEDOT:PSS/PANI-CSA ML thin lms are
less transparent compared to the component thin lms. The s

and S values of the PEDOT:PSS/PANI-CSA ML thin lms
11596 | RSC Adv., 2019, 9, 11595–11601
according to the number of layers and various spin speeds are
shown in Fig. 2(b–c), respectively. Interestingly, the s of the ML
thin lms increases with the number of layers as well as spin
speed.

The highest s of 1680 S cm�1 was achieved for the eight-layer
thin lm which was deposited at a spin speed of 7000 rpm.
However, the S values did not show any signicant variation
with an increase in the number of layers or spin speed. It should
be noted that the S values of all the ML thin lms were higher
than those of the bulk PEDOT:PSS thin lms.

Several mechanisms have been proposed for the enhance-
ment of s in PEDOT:PSS thin lms. The chemical used to treat
the PEDOT:PSS thin lm has been found critical in determining
the s of the PEDOT:PSS thin lms.31 Several studies have been
focused on the morphological variations of the PEDOT:PSS thin
lms.32–35 The phase separation of PEDOT and PSS resulting in
inter-grain hopping, removal of excess PSS removal from the
surface of the PEDOT:PSS thin lm, conformation changes
from benzoid to quinoid, formation of PEDOT nanocrystals, etc
have been accounted for the observed enhancement of s in
PEDOT:PSS thin lms.32–35 The post-treatment of the spin cast
PEDOT:PSS thin lms is critical and treatment using polar
solvents has been found benecial in enhancing s.36 In the
present study, we have treated the top-most layer of PEDOT:PSS
thin lm in the ML structure using the DMSO solvent. The
enhancement of conductivity achieved through solvent treat-
ment should be similar in all the lms; however, the s enhances
with the number of layers in the ML thin lms. Several reasons
can be attributed to the observed enhancement in s of ML thin
lms. This is because, with an increase in the number of layers,
stretching of the PEDOT chains occurs which consequently
results in an enhanced s.5 In addition to the stretching,
complimentary doping can also be accounted for the enhanced
s.6 It is reported that the PSS is selectively removed from
PEDOT:PSS layer at the PEDOT:PSS/PANI-CSA interface via the
formation of PANI:PSS salt.6 In the present study, with an
increase in the number of the layer in ML thin lms, additional
PSS removal occurs which resulted in an enhanced s (discussed
later).

The Seebeck coefficient variation occurs when the doping
level is varied in PEDOT:PSS. This is because the carrier
concentration varies when the doping level is varied. For
example, the reduction of PEDOT:PSS (PSS removal) results in
the change in the carrier type from bipolaron to polaron and
then even to neutral chains.37 Such variations in the carrier type
occur when the oxidation state is changed and therefore by
controlling the oxidation state, tuning of the S values is
possible. However, in the present study, the S value as high as
44 mV K�1 was observed for 8 layer lms whereas bilayer lms
have an S value of around 39 mV K�1, which implies only
a nominal increment in S values could be achieved. This is
indicative of the fact that only a nominal alteration of the
oxidation state of the PEDOT could be achieved. It should be
noted that an enhancement in s usually results in a decrease of
the S values. The increase of s and slight increment in the S
values of the ML thin lms have resulted in an overall
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) The schematic showing the deposition of PEDOT:PSS/PANI-CSA ML thin films via layer-by-layer deposition technique. After the
deposition of the ML thin films the top layer PEDOT:PSS is treated with DMSO to further enhance the conductivity. (b–e) AFM images of the ML
thin films deposited at a spin speed of 4000, 5000, 7000, and 9000 rpm, respectively. The scale bar is 200 nm. (f–j) Digital photographs of the
PEDOT:PSS, PANI-CSA, and PEDOT:PSS/PANI-CSA ML thin films deposited at a spin speed of 7000 rpm.
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enhancement of the power factor. The power factor as high as
325 mW m�1 K�2 was achieved for eight-layer ML thin lms.

The enhancement observed for s values could also be
possible through the variation in the conformation of the
PEDOT chains. In order to analyze the conformation of PEDOT
chains in the single and ML thin lms, Raman spectra were
recorded and are shown in Fig. 3. The spectra consist of an
intense vibration peaking at 1440 cm�1. This peak originates
from the Ca ¼ Cb stretching vibrations. The Raman spectra
(Fig. 3a) appear similar for all the single-PEDOT:PSS thin lms
deposited at various spin speed and the Ca ¼ Cb stretching
vibration peak position slightly shis towards higher vibra-
tional frequencies suggesting no signicant variation in
conformation occurs with a variation in the spin speed. For the
ML thin lms the intense peak at 1440 cm�1 shis towards
lower vibrational frequencies with an increase in the number of
layers. The peak shis from 1440 cm�1 for one – PEDOT:PSS/
PANI-CSA layer to 1434 cm�1 for the eight-layer thin lms.
This shi corresponds to a conformation change from benzoid
to the quinoid structure of the PEDOT chains.5,38,39

The benzoid structure is coiled while quinoid structure has
a linear chain conformation which helps in the formation of
highly interconnected PEDOT chains. This transformation in
This journal is © The Royal Society of Chemistry 2019
the conformation results in the formation of highly inter-
connected PEDOT chains which consequently enhanced s in
the ML thin lms.

In order to obtain a deeper insight on the variations in the
oxidation state along with the conformation change, the Raman
spectra of two layers and eight layers lms were resolved and
tted spectra are shown in ESI Fig. S1.† The intense peak
observed around 1440 cm�1 can be resolved into two peaks –

one around 1422 cm�1 and the other around 1448 cm�1. The
band appeared around 1448 cm�1 suggests the existence of
oxidized structure while the band at 1422 cm�1 arises from the
neutral structure. For the ML thin lms having eight layers, the
relative intensity of the 1422 cm�1 peak increases as compared
to the intensity of 1448 cm�1 peak. The increased percentage of
neutral (reduced) structure in PEDOT:PSS is the result of de-
doping which occurs through PSS removal. This agrees well
with the observed increase in S values. Additionally, the inten-
sity of the peak at 1540 cm�1 which also corresponds to the
oxidized structure, also decreases when the number of layers is
increased from two to eight. In the ML lms having eight layers,
an additional peak at 1594 cm�1 also appears. This peak is
absent in lms having only two layers – an indication of the
transformation from an oxidized state to a neutral state. The
RSC Adv., 2019, 9, 11595–11601 | 11597
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Fig. 2 (a) The electrical conductivity, (b) the Seebeck coefficient and
(c) the power factor of PEDOT:PSS/PANI-CSA ML thin films deposited
with respect to the number of layers and at various spin speed.
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conformation change from benzoid to quinoid enhances the s

while the de-doping occurs through the removal of PSS from the
PEDOT:PSS layer increases the S values.

Further conrmation on excess PSS removal has been ob-
tained from the S 2p XPS spectra of ML thin lms. Fig. 4(a)
shows the S 2p spectra of ML thin lms (eight-layer) deposited
at various spin speeds. There are two XPS bands in which the
one ranging between 166–172 eV corresponds to the sulfur
atoms in PSS while the sulfur atoms in PEDOT contributes to
11598 | RSC Adv., 2019, 9, 11595–11601
the band observed from 161–166 eV. The peak tting analysis of
the spectra recorded at 4000, 5000, 7000, and 8000 rpm is shown
in Fig. 4(b–e). Both the peaks were deconvoluted into two peaks
corresponding to S 2p3/2 and 2p1/2. The PEDOT/PSS ratio of the
lms with respect to the spin speeds are shown in Fig. 4(f). It is
evident from Fig. 4(a) that the PSS removal occurs with an
increase in the spin speed. Note that the top PEDOT:PSS layer of
all our ML thin lms were treated using DMSO. If the PSS
removal occurs only from the top layer, then the PEDOT/PSS
ratio of the lms should remain the same. In order to conrm
whether any variation in the PEDOT/PSS ratio occurs in single-
layer-PEDOT:PSS thin lms with the variation of spin speed, we
also recorded the S 2p XPS spectra of single-layer-PEDOT:PSS
thin lms, which is shown in ESI Fig. S2.†

Interestingly, the S 2p XPS spectra of all the single-layer-
PEDOT:PSS thin lms deposited at various spin speed show
similar spectra and PEDOT/PSS ratio remain almost same in all
the lms, irrespective of the spin speed. Therefore it is beyond
doubt that the additional PSS removal occurred during the
formation of PEDOT:PSS/PANI-CSA ML thin lms. In the S 2p
XPS spectra of ML thin lms, along with the observed reduction
in PSS, a shi of both the peaks corresponding to sulfur atoms
in PEDOT and PSS towards lower binding energy is observed.
This is interesting because the shi of the XPS peak position
indicates the weakening of the electrostatic interaction between
PEDOT and PSS.40,41 The shi towards lower binding energy also
hints at the de-doping of the PEDOT that occurs via PSS
removal.41 This dedoping has been found benecial in slightly
enhancing the S values of the ML thin lms, as compared to the
single-layer PEDOT:PSS thin lms. The PEDOT/PSS ratio was
calculated using the integral intensity of PEDOT and PSS peaks
and shows that an increase in PEDOT/PSS ratio occurs with an
increase in the spin speed which signicantly contributed to the
enhancement in s.

Even though the removal of excess PSS has been veried
from Raman and XPS analyses, the role of the thickness of each
layer in theML structure needs to be analyzed. As the spin speed
increases, the thickness of each layer considerably decreases. In
order to shed light on the role of the thickness of each layer on
the ML thin lms, we prepared eight layer-ML thin lms by
varying the individual layer thickness at a xed spin speed of
7000 rpm. We found that one of the major parameters that
affect the TE properties of the PEDOT:PSS thin lms is the
thickness of the lms.

The variations in s and S values with respect to the thickness
of the ML thin lms are shown in Fig. 5(a). When the thickness
of each PEDOT:PSS/PANI-CSA layer was increased, the s, S, and
the power factor decreased, conrming the fact that the thick-
ness of each PEDOT:PSS/PANI-CSA layer is also critical in
deciding the TE parameters of the ML thin lms. It is reported
that at the interface of the PEDOT:PSS/PANI layers in ML thin
lms, selective removal of PSS occurs via the formation of
PANI:PSS salt.6 In our study, we also expect a similar salt
formation at the PEDOT:PSS/PANI-CSA interface region. Since
the top layer is treated using DMSO, PSS removal occurs from
the top region of the PEDOT:PSS thin lms. If the thickness of
the PEDOT:PSS thin lms are high, then PSS will only be
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The Raman spectra of single layer-PEDOT:PSS thin films as a function of spin speed and (b) PEDOT:PSS/PANI-CSA ML thin films with
respect to the number of layers. The insets of (a) and (b) show the corresponding variations of the peak of the Ca ¼ Cb vibrations.
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removed from a small region (around 10 nm) from the top and
bottom of the lms. If the lms are thin enough, then it is
possible to remove PSS from the wider regions of PEDOT:PSS
thin lms which will result in enhanced s and S values.
Therefore, the thickness of the PEDOT:PSS and PANI-CSA thin
lms is found to be one of the major factors in determining the
electrical conductivity of the PEDOT:PSS/PANI-CSA ML thin
lms. As the thickness (t1) of each layer (one-PEDOT:PSS/PANI-
CSA layer) increases, the s and S values decreases. A schematic
Fig. 4 S 2p XPS spectra of (a) PEDOT:PSS/PANI-CSA multilayer (eight-l
spectra, and (f) PEDOT:PSS ratio at various spin speeds.

This journal is © The Royal Society of Chemistry 2019
showing the excess PSS removal from the top and at the
PEDOT:PSS/PANI-CSA interface is shown in Fig. 5(c and d).

In order to observe the conformation changes in the lms
with an increase in the thickness of each PEDOT:PSS/PANI-CSA
layer, the Raman spectra of ML thin lms prepared by varying
the thickness exhibit were recorded (ESI, Fig. S3†). The Raman
spectra exhibit no signicant change in the peak at 1435 cm�1,
which suggest conformation variations does not occur when the
number of layers and spin speed are xed. Therefore, a combi-
nation of parameters such as (1) stretching of PEDOT chains, (2)
ayers) thin films deposited at various spin speeds, (b–e) the fitted XPS

RSC Adv., 2019, 9, 11595–11601 | 11599
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Fig. 5 (a) The electrical conductivity and Seebeck coefficients, (b) power factor of the PEDOT:PSS/PANI-CSA ML thin films at different layer thickness.
The t1 in the figure shows the thickness of one PEDOT:PSS/PANI-CSA layer. (c and d) Schematics of the PEDOT:PSS/PANI-CSAML thin films at different
thickness. When the thickness of each layer decreases, the TE performances are enhanced through the removal of PSS from the PEDOT:PSS layer.
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conformation change from benzoid to quinoid, and (3) excess
PSS removal from the top surface through solvent treatment
and at the PEDOT:PSS/PANI-CSA interface has resulted in the
enhanced s, S, and power factor in our ML thin lms. It should
be noted that any variations in these parameters would signif-
icantly affect the s and S and are found to be detrimental for
achieving a high TE power factor. Through a proper engineering
of the PEDOT:PSS/PANI-CSA ML structures, we could achieve
a minimum thickness of one-PEDOT:PSS/PANI-CSA layer up to
40 nm (17 nm for PEDOT:PSS and 23 nm for PANI-CSA) for
which we obtained s up to 1680 S cm�1, S value up to 44 mV K�1,
which corresponds to a power factor of 325 mW m�1 K�1.
Conclusions

The experimental parameters such as spin speed, solvent
treatment, number and the thickness of each layer used for the
preparation of PEDOT:PSS/PANI-CSA ML thin lms were opti-
mized in this study. The enhancement in s and S values were
achieved by properly controlling the experimental parameters.
For ML thin lms constituting of eight–PEDOT:PSS/PANI-CSA
layers deposited at a spin speed of 7000 rpm, we achieved a s
11600 | RSC Adv., 2019, 9, 11595–11601
up to 1680 S cm�1, S value of 44 mV K�1 and a power factor up to
325 mW m�1 K�1. It is concluded that the enhancement in the
TE parameters was achieved because of multiple parameters –

morphological variations via stretching of PEDOT chains,
conformation changes from benzoid to quinoid, and excess PSS
removal from the top of the PEDOT:PSS thin lm through
solvent treatment and at the PEDOT:PSS/PANI-CSA interface.
Further optimization is possible by reducing the thickness of
each layer in ML thin lms and such lms would benet from
the 2D connement as observed in inorganic superlattices
which would result in further enhancement of the TE
properties.
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Chem. C, 2010, 114, 20220–20224.

25 J. Ouyang, ACS Appl. Mater. Interfaces, 2013, 5, 13082–13088.
26 V. Andrei, K. Bethke, F. Madzharova, S. Beeg, A. Knop-

Gericke, J. Kneipp and K. Rademann, Adv. Electron. Mater.,
2017, 3, 1600473.

27 F. Wu, P. Li, K. Sun, Y. Zhou, W. Chen, J. Fu, M. Li, S. Lu,
D. Wei, X. Tang, Z. Zang, L. Sun, X. Liu and J. Ouyang,
Adv. Electron. Mater., 2017, 3, 1700047.

28 B. C. K. Tee and J. Ouyang, Adv. Mater., 2018, 1802560.
29 Z. Fan, D. Du, H. Yao and J. Ouyang, ACS Appl. Mater.

Interfaces, 2017, 9, 11732–11738.
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