Z_ MIT
il Open Access Articles

Optimizing the Optoelectronic Properties of Face#
On Oriented Poly(3,4#Ethylenedioxythiophene) via
Water#Assisted Oxidative Chemical Vapor Deposition

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation Heydari Gharahcheshmeh, Meysam, Robinson, Maxwell T.,
Gleason, Edward F. and Gleason, Karen K. 2020. "Optimizing
the Optoelectronic Properties of Face#0n Oriented Poly(3,4#
Ethylenedioxythiophene) via Water#Assisted Oxidative Chemical
Vapor Deposition.” Advanced Functional Materials, 31 (14).

As Published http://dx.doi.org/10.1002/adfm.202008712

Publisher Wiley

Version Author’s final manuscript

Citable link https://hdl.handle.net/1721.1/140655

Terms of Use Creative Commons Attribution-Noncommercial-Share Alike

Detailed Terms http://creativecommons.org/licenses/by-nc-sa/4.0/

Mir DSpace@MIT
I I Massachusetts Institute of Technology p


https://libraries.mit.edu/forms/dspace-oa-articles.html
https://hdl.handle.net/1721.1/140655
http://creativecommons.org/licenses/by-nc-sa/4.0/

'.) Check for updates

Optimizing the Optoelectronic Properties of Face-on Oriented Poly(3,4-ethylenedioxythiophene) via
Water-Assisted oxidative Chemical Vapor Deposition

T

Meys&&harahcheshmeh”, Maxwell T. Robinson', Edward F. Gleason', Karen K.
17

Gleason
H

: Departmes of Chemical Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, 9, United States

f Corresponding Autflors-Email: mheydari@mit.edu (M.H.), kkgleasn@mit.edu (K.K.G.)

Abstract w

Enginecring ®he texture and nanostructure to improve the electrical conductivity of

u

semicrystalline conjugated polymers must address the rate-limiting step for charge carrier transport. In

E)

highly facd&on orientation, the charge transport between chains within a crystallite becomes rate-

limiting, wmghly sensitive to the m-m stacking distance and interchain charge transfer integral.
Here, face- ted semi-crystalline poly(3,4-ethylenedioxythiophene) (PEDOT) thin films were
grown via -assisted (W-A) oxidative chemical vapor deposition (0CVD). Combining W-A with
the vol i , antimony pentachloride (SbCls), yields an optimized electrical conductivity of

7520 + 240 S/cm, a record for PEDOT thin films. Systematic control of n-n stacking distance from

3.50 A doh% A vyields an electrical conductivity enhancement of ~1,140%. The highest

utilizingWoxytrichloride (VOCL;) and iron chloride (FeCls) oxidizing agents, respectively.

The W-A oCVD; single-step all-dry process and provides conformal coverage, allowing direct
growth on me cal flexible, rough, and structured surfaces without the need for complex and

costly t eps.

This is the author manuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/adfm.202008712.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/adfm.202008712
https://doi.org/10.1002/adfm.202008712
https://doi.org/10.1002/adfm.202008712
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202008712&domain=pdf&date_stamp=2020-12-16

Keywords: PEDOT, oCVD, SbCls oxidant, water-assisted growth, n-w stacking distance

1. Introdlction '

Conju ymers hold exceptional promises in a variety of technological applications,
including cs, energy storage, wearable electronics, and biomedical devices.!"*! Poly(3,4-
I

ethylenedicSythiophene) (PEDOT) has emerged as one of the most researched and promising
conjugated ggbl s for organic electronics.'” The combination of its optical transparency with
electrical Q/ity (o), makes PEDOT a mechanically flexible alternative to transparent
conductiVBWTCOs). While providing excellent optoelectronic performance, TCOs, such as
indium tin 0), suffer from brittleness, raw material scarcity, and high cost./*”
PEDO:n spin-coated with polystyrene sulfonate (PSS) to form PEDOT:PSS,™ but

PEDOT tsn films can also be fabricated by -electropolymerization,'®'" in-situ chemical

12-15

polyrnerizam vapor phase polymerization (VPP).'' and oxidative chemical vapor

deposition 2021 For PEDOT, the highest value of 6 to date, 8797 £1178 S/cm, was reported
by Cho 1n single-crystal nanowires grown by VPP at 50 °C using FeCl; as the oxidant. The
Nanowir -sectional dimensions, 95 nm by 100 nm, likely give pseudo one-dimensional (1D)

conductivity.”” For thin films, which are used in most device applications, conductivity will occur in
2D or 3D,Wus have inherently less efficient charge transport than 1D geometries.!"*” The
highest o f OT thin film, 6259 +£1468 S/cm, was achieved for a face-on textured oCVD film,

10 nm-thick, aying 2D conductivity.”

Th& oCVD process operates at moderate substrates temperatures and can be scale-up

to large artas.””' Using oCVD, PEDOT has been directly deposited onto numerous substrates

including silicon glass;'"*! papers and plastics;”" and even the leaves of plants."” In the current
work, the o wth temperature is limited to 140 °C and no post-deposition rinsing is employed,
condition will facilitate integration with temperature-sensitive and solvent-sensitive substrates.

In contrast, materials deposited at high temperature, such as graphene, cannot be directly deposited

This article is protected by copyright. All rights reserved.
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onto temperature sensitive substrates and devices, and thus their integration relies on complex and

costly-transfer steps.'"*

Proces ters profoundly affect the texture and nanostructure of semicrystalline oCVD

PEDOT tghown schematically in Figure 1. For oCVD, the oxidant saturation ratio (OSR)
H I

determinesshe concentration of oxidant adsorbed on the growth surface and hence the kinetics of
oxidative susfacé@qgeactions. The OSR stands for the ratio of P/Pg,, which is the oxidant’s partial
pressure to ation pressure at the temperature of growth. Previously, varying the OSR of the
oxidant VACIfall@wed control of the texture in oCVD PEDOT thin films."”! The presence of highly
face-on te igure 1b) lowers the barrier to intercrystallite charge transport and hence enhances
in-plane c3ty.“’6’7’29] The formation of highly face-on texture may be favored by chain

reorientatii at deposition temperatures above the glass transition (T,) for PEDOT (ca. ~100 °C).lt7

As shown s ically in Figure 1b, a mixture of face-on and edge-on orientation deteriorates the
t

1

percolatio for charge transport, hence lowering 6./’

Intercha ling induces a delocalization of charge carriers and is desirable for the
enhanc °! The interchain charge transfer integral (t,) increases as the distance between

individual chains (x) decreases and is expressed as:

- t, = toexp(—yx) (D
where t, ige transfer integral at the minimum distance, and 1/y is the wave function overlap
decay lﬁhe carrier mobility is proportional to the square of the inter-chain transfer
integral DOT, lowering x corresponds to decreasing the m-m stacking distance. The
presenceoﬂe-cains between crystallites'"*” and a high degree of backbone planarity®***** can
also influence o i; conjugated polymers such as PEDOT. While other factors can vary, such as the
crystallite si n length, and degree of disorder in the amorphous phase, when a clear correlation
of o exﬁ n-m stacking distance, interchain charge transport is likely to be the rate-limiting
process."® The limit of interchain charge transport was previously reported for face-on textured

semicrystalline oCVD PEDOT thins films having systematically tunable n-r stacking distances."”

This article is protected by copyright. All rights reserved.
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Herein, sub-nanometer scale control over the m-m stacking distances correlates with the
optimization of ¢ for PEDOT thin films grown by water-assisted (W-A) oCVD. The use of W-A
growth Mvas motivated by water’s ability to act as a proton scavenger, which is anticipated
to yield ecomposition of oxidant. Previously, W-A CVD has produced monolayer
grapheng filmsmwith fewer structural defects®”! and uniform graphene/carbon nanotubes (CNTs)
structures, hd to multi-walled CNTs.”® Optimizing W-A through variation of the OSR for the

volatile oxifant, anfimony pentachloride (SbCls), yielded a record ¢ of 7520 + 240 S/cm PEDOT thin

C

films, as amence of reducing the m-m stacking distance from 3.50 A down to 3.43 A. The

maximum Jg¢/ o8y, of ~ 94 represents improvements of 1.9 and 6.7x over the values obtained by

oCVD without WA and with VOCI; and FeCl; as the oxidizing agents, respectively. This work not

J

only opens up frontiers for tuning PEDOT thin films using a critical process parameter of OSR and

W-A but also provides exciting opportunities for direct integration of high quality as-deposited

PEDOT thi

5
=

films in advanced applications without post-treatment acidic rising steps.

Author M:
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Increasing Crystallite Size

Mixed Face-on & Edge-on Orientation Highly Face-on Orientation

Reducing m-nt Stacking Distance

Increasing Electrical Condu:t_

Figure 1. I;pacts of W-A growth and OSR on the texture and nanostructure of PEDOT. a) Larger
crystallite_sig PEDOT thin films is archivable using W-A growth. b) Mixed orientation of face-on

: entation can be transferred to highly face-on orientation (more desirable orientation
for enhancing -plane electrical conductivity) by reducing OSR of SbCls oxidant and using W-A
growth. In both face-on and edge-on orientations, the conjugated backbone is parallel to the substrate
plane. However, the n-wt stacking direction is parallel and perpendicular to the substrate plane in edge-
on and face-on orientation, respectively. ¢) n-n stacking distance (half of b-axis lattice parameter) of
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polymer chains reduces as a consequence of decreasing OSR and using W-A growth. Large crystallite
size, highly face-on orientation, and lowering the n-r stacking distance are of great importance for
achieving PEDOT with high electrical conductivity.

I

Q.

2. Results hussion

PEDOUH’IS were grown by simultaneously introducing vapors of liquid oxidant (SbCls),
monomer wenedioxythiophene (EDOT)), and water to the oCVD reactor (Figure 2a). The
oxidant va ides both in-situ doping and oxidative step-growth.'">** The oCVD PEDOT films
were prepj‘e modest growth temperatures of either 90 °C or 140 °C with different OSR

values. Thgse modest growth temperatures are of interest for directly depositing the oCVD films on

mechanically flexible plastic substrates. The detailed protocols for simultaneous introducing the

vapors of into the reactor and determining the equilibrium surface concentration of the
reactan provided in Table S1 (Supporting Information).
An inc ilm thickness, and thus deposition rate, was noted both for increasing the OSR and

lowering the growth temperature (Figure S1 and Table S2, Supporting Information). The deposition
rate increasi (from 0.45 to 3.75 nm/min) with an increase in the SbCls saturation ratio (from 330 to
1980 ppm) urface deposition temperature of 90 °C. At the growth temperature of 140 °C by
increasing Q

nm/min. :!e deposition rate is slightly lower in the case of using water-assisted at both growth

temperaturF than'eposition without using water vapor at the same OSR. Film thicknesses ranged

5 saturation ratio from 50 to 290 ppm, the deposition rate rises from 0.17 to 1.37

from 10 to ! Experimental variation of the OSR was facilitated by the similar vapor pressures
of SbCls o d EDOT monomer. Control of OSR is more difficult for the highly volatile liquid
oxidant{l’sjtlTS Torr at 25 °C),[7’40] or the low volatility solid oxidant, FeCls (P,,~=1 Torr at
194 °C, and ncgMgible at 25 °C).5***3 The SbCl; oxidant is a liquid of moderate volatility at

[42]

ambient temperature (Py,=1.2 Torr at 25 °C)" and can be readily introduced into the oCVD reactor

This article is protected by copyright. All rights reserved.
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(Figure 1a). Additionally, SbCls has a vapor pressure close to that of the EDOT monomer (P,=0.278
Torr at 25 °C)*. The similar vapor pressure of reactants allows easy control of the process
parameters,*pecmlly the flow rate of reactants at a different working pressure of reactor. However, if
there is a @ erence between the vapor pressure of reactants, it is generally challenging to
achievemsufifieiemtafiow of a less reactant species to the reactor. Previously, SbCls oxidant was used in

the OCVDL for the growth of PEDOT® and polythiophene'™, and resulted conducting

polymers \@rated into electrodes for redox reactions and supercapacitors, respectively.

)
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Figure 2. of SbCl; saturation ratio on the electrical conductivity. a) Schematic illustration of

the oCVD reactor Using W-A growth. Deionized water vapor, along with the vaporized EDOT and
SbCls introduced to the reactor. b) Electrical conductivity changes versus SbCls saturation ratio for
samples grown with and without W-A at different surface deposition temperatures of 90 °C and 140
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°C. The OSR is reported in the unit of part per millions (ppm) and reported electrical conductivity
values belong to as-deposited samples with no additional acidic post-treatment steps.

Figure that the in-plane o is strongly dependent on OSR. At a given OSR value, the use

of W-A es 6. The highest value of ¢ was achieved by utilizing W-A at a substrate
H I

temperatur!of 140 °C and an OSR value of 100 ppm. The resulting electrical conductivity of 7520 +

{

240 S/cm Qrecord for PEDOT in thin-film form and approaches the maximum ¢ value for a
wire (ca. 8797 £ 1178 S/cm).”"! 1t is noteworthy to mention that the record high

single-cryst
electrical CWW (7520 £ 240 S/cm) is achieved in PEDOT thin film with the thickness of 14 nm
ina?2Dc mechanism region (generally, region with the thickness less than 20 nm""), by
optimizing ure and nanostructure, which will be discussed further. As the SbCls saturation

ratio increges in films grown at 90 °C, the in-plane ¢ decreases. The same trend appears in films

[

O,

deposited a except at lowest OSR value (ca. 50 ppm).

Previously, an” enhancement of ¢ was observed for methanol rinsing of oCVD PEDOT thin films
grown using (44 For the FeCl; solid oxidant, rinsing was hypothesized to remove low volatility
oxidati s such as FeCl,. We hypothesis that the more volatile oxidant used here produces
oxidation byproducts capable of directly desorbing from the growing surface, and thus, do not need to
be rinsed a& most common oxidant by-products as a result of SbCls decomposition is SbCl;.

The vapor @ of SbCl; is about 1 Torr at 49 °C™, confirms that this oxidation by-product is

Volatilztossible to off-gas during the deposition and desorbs from the surface; thus, there

iS N0 N it by rinsing. Indeed, rather than increase ¢ by rinsing, a 5 to 10% reduction in ¢

was obse*a Alter the methanol (MeOH) rinsing of the PEDOT grown using SbCls (Table S3,
—

Supporting Information), likely due to a small reduction in the Cl~ doping concentration. Avoiding
[ 4

the need for position rinsing makes the oCVD method a true single-step process, which is a

great ben sing volatile oxidants."”

This article is protected by copyright. All rights reserved.
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Consistent with the hypothesis of volatile oxidation byproducts, the X-ray photoelectron
spectroscopy (XPS) analyses of films grown at 140 °C (Figure 3a) reveals < 0.06 at. % antimony (Sb)
for OSRMm and ~0.52 at % Sb for an OSR of 290 ppm (Table S4, Supporting Information).
Films gro @ d without W-A at an OSR of 100 ppm display similar XPS survey spectra (Figure
3a) butmdififemmmmtheir high-resolution Cl 2p XPS spectra (Figure 3b,c). Assignments of the six
componenth Figure 3b,c was made by analogy to FeCls-doped poly(3-alkyl-2,5-thienylene-alt-
1,4-pheny1@[€n).[45 'The two C-Cl peaks in Figure 3b,c are related to the chlorination of the
conjugatedme.m] The lower concentration of the two C-CI peaks in Figure 3¢ indicates a

reduced de over-oxidation with W-A growth. The two ionic Cl peaks in Figure 3b,c are

attributed to the SC lg and CI”. While CI™ is a well-known dopant in oCVD PEDOT, any ionic

conﬁgxratiﬁ:)rine such as ShClg that yields the hole carrier in the polymer chain can also be

considered

improved ition of the SbCl; oxidant in the presence of water.

The atomic force microscopy (AFM) was employed to clarify the impact of W-A growth on the

t. The increased intensity of Cl”peaks is consistent with the hypothesis of

surface morphology of PEDOT thin films. The height AFM images in Figure 3d-g show that the root

\f

mean square (rms) roughness of films is low (< 1.5 nm), as desired for integration into devices. The

impact of W-A growth on surface roughness is more dominant than the effect of either growth

[

temperature or OSR as can be observed in Figure 3d-g. The higher surface roughness of samples

deposited with W-A than their counterparts deposited without water vapor might be attributed to the

increase of crystallite size. At the uninterrupted vapor flow of reactants to the reactor, water
continuously reacts with oxidant and results in better decomposition of SbCls oxidant to Sb™ and

chloride (:!_ . It is noteworthy to mention that polymerization follows the well-known step-growth

[1,2,39

mechanism, I and the presence of water vapor yields a better decomposition of oxidant to water

|
solvated ionic iroducts, such as CI'. Based on the solubility characteristic of SbCls in water and the
proton scavenger characteristic of water vapor, the formation of hydronium ions (H;0%) is expected.
|

We hypothesize that easier accessibility of EDOT monomer to Cl~ in the W-A growth results in the

formation of crystallites with the larger size. The presence of backbone chlorination (C-Cl peaks) and

This article is protected by copyright. All rights reserved.
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SbClg dopant would possibly disrupt the crystallinity. As demonstrated by HR-XPS (Figure 3b,c), the
W-A growth yields a higher amount of Cl™ dopant than the backbone chlorination and ShCl; dopant,
thus yielasketter crystallinity. In addition to the better decomposition of oxidant, it is reported that

water Vap@roton scavenger which yields the repetition of the step-growth polymerization

cycle." " iThe oxidation of EDOT monomers to form dimers releases protons. When water is

present, the protons can be scavenged to form the H;O". By reducing the concentration of protons, the

S N

equilibrium of EDOT oxidation shifts towards the dimer product. Protons are also released as the
dimers are lox;ize‘d to tetramers, and as the step-growth cycle repeats, pairs of n-mers form a 2n-

mers. Thus, the ability of water to scavenge protons favors the formation of higher molecular weight

PEDOT chains.

U

Author Man
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high-resol tra of CI 2p, for b) without W-A and c¢) with W-A in films deposited at 140 °C
and OSR v& 00 ppm. d-g) The height AFM images of as-deposited samples grown with and
without W- iifferent surface deposition temperatures. At the fixed OSR value, the deposited
samples ﬁ W-A exhibit higher surface roughness than their counterparts grown without using water
vapor.

Figm&ts the normalized attenuated total reflection-Fourier transform infrared (ATR-
FTIR) spectrum. Imthe spectrum of all six films, the absence of C,-H stretching band at 754 cm™ and
the presence xpected vibrational modes for the thiophene and ethylenedioxy rings confirms the
successfu rization of the intact EDOT monomer units. The intensity of C-O vibration peak at
~1050 cm™ decreases by an increase of OSR in both deposition temperature, as shown in Figure 4a.

Such behavior is attributed to the over-oxidation and degradation of ethylenedioxy ring in high OSR

This article is protected by copyright. All rights reserved.
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value (e.g., > 290 ppm). It is noteworthy that the C-O vibration peak of PEDOT grown with W-A is
relatively sharper and exhibits higher intensity than its counterparts deposited without W-A. The

presence ola quinoid structure, that is related to the C=C asymmetric stretching vibration at ~1520

cm’', can 1 samples. However, at the deposition temperature of 90 °C the appearance of a

new peak wishmbow intensity at ~1460 cm™ is observed, which is related to the existence of slightly

benzoid stL

The Rautrum (Figure 4b) shows that increased growth temperature narrows the symmetric

Co=Cg stref€hi ration and induces redshift to the lower wavenumber by ~15 cm’'. For growth at

S

140°C, sm: ifts are also observed with increasing OSR and use of W-A (Figure S2, Supporting

3

Informatio edshift of the symmetric C,=Cg stretching vibration indicates a higher fraction of

quinoid strficture. A change from benzoid to quinoid local bonding structure (Figure 4c) corresponds

fi

to the polymer chain transforming from a coil to a linear conformation. The linear conformation

associated Wt quinoid structure is favorable for enhancing interchain interaction and thereby

a

enhanc quinoid structure yields the rise in the double-bond character of the thiophene

inter-rin, ces the better molecular ordering due to the suppression of chain distortion and

V]

49-51

lowering the bond length alternation (BLA)."'! As the outcome of obtaining a quinoid structure, the

increase of@interchain interaction can be expected due to increased planarity. Using W-A growth at

g

140°C pro small redshift at OSR values of 50, 100, and 150 ppm (Figure S2, Supporting

O

Information , it can be concluded that utilizing water vapor leads to an increase the linear

arrangemefif of polymer chains, possibly because of lower levels of backbone chlorination, as

g

detected bymXPS.

t

AU
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Figure 4. Impact of SbCl;s saturation ratio and W-A on the PEDOT polymerization. a) FTIR spectra of
as-deposited PEDOT thin films grown with and without W-A at various OSR and deposition
temperatures. b) Typical Raman spectra of as-deposited samples grown with and without W-A at
different depesiion temperatures and OSR values. ¢) Benzoid and quinoid molecular structures of
PEDOT.

O

The Gizing i"cidence X-ray diffraction (GIXRD) shows the predominance of the (020) peak
correspondi e face-on texture in the semicrystalline PEDOT films (Figure 5a,b). In samples
grown at 938R values >1320 ppm (Figure 5a), the appearance of the (100) peak indicates that
the film s a mixed orientation of face-on and edge-on. The lower OSR in films grown at 90 °C
(Figure 5a) an he films grown at 140 °C (Figure 5b) show only the (020) peak, characteristic of

highly face-on texture. Generally, the PEDOT chains have sufficient ability to reorient at temperatures

above glass transition (Tg),["6] which is ~100 °C for PEDOT, as illustrated in Figure 1b. Crystallites do

This article is protected by copyright. All rights reserved.
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not necessarily deposit in their equilibrium configuration. For substrate temperatures lower than T,,
the crystallite remains kinetically trapped in its non-equilibrium state. When the surface temperature
exceeds 1 g,hﬁe crystallite can reorient to minimize its interfacial energy between the substrate and one

face of thestallite. This behavior would be analogous to the impact of surface energy on

the oriemtatiommefibiock copolymers in directed self-assembly.”

L

For optigmizifg in-plane o, a high degree of face-on orientation is a more desirable than a mix of
face-on aruon orientations because of lower energy barrier of intercrystallite charge
transport.“m mixed face-on and edge-on orientation deteriorates the percolation pathway and
results in a It is noteworthy to emphasize that high electrical conductivity can be achieved in

both highl or highly edge-on orientation, since the conjugated backbone (pathway with high

mobility 0!charge carrier) is located in the plane of thin-film in both orientations. In general, the

charge tran ween two adjacent crystallites with the same orientation is easier than between
crystallites nt orientations. When adjacent crystallites have the same orientation, the polymer
tie-chai conductive linear configuration can extend between the two crystallites. In
contrast acent crystallites with a different orientation, tie-chains must adopt nonlinear

configurations which are not electrically conductive, thus deteriorating the percolation pathway. The
schematic &itration regarding electrical conductivity enhancement by alternating mixed-orientation
to highly f; ientation is exhibited in Figure 1b. Generally, the orientation of semi-crystalline
conjugated rs is strongly influenced by the fabrication method, size of introduced counter-ion
dopant, an!Erocess parameters.' Similar to Figure 1b, the same behavior of increasing the electrical

conductwging the orientation from the mixed to the highly edge-on can be expected.

Average crystSlite sizes were extracted from the GIXRD using the Scherrer equation” (Table
S5, Supportin Inf(;rmation). For all films grown without W-A, the average size of the face-on and
edge-on ites was ~3.2 nm and ~6.7 nm, respectively. Crystallite size increased ~18% with W-
A (as illustrated in Figure la), potentially due to the better accessibility of EDOT monomer to the
counter-ion dopant, which is well matched with the AFM results (Figure 3d-g). The use of W-A limits

This article is protected by copyright. All rights reserved.
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the oxidation and thus reduces the concentration of chlorinated defects on the polymer chain

backbone, as demonstrated in Figure 3b,c. The less defected chains resulting from W-A growth

{

assemble more readily into the large crystallites. The overall charge transfer rate, k;y¢q;, across N

face-on ori @ stallites at a specific charge transfer rate (k), is given by:""

P

Cri

k
ktotal""ﬁ ( 2)

The use o owth increases crystallite size (Table S5, Supporting Information), lowering the
number off€rySfallites, N, across a given span, resulting in an increase in Ky¢q;, thus yields the o

enhancem

U

Author Man
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Figure 5. Ih PEDOT texture and n-r stacking distance on the electrical conductivity. GIXRD
patterns of ag®@@&pgsited PEDOT thin films grown with and without W-A at various OSR and surface
deposition @ e of a) 90 °C and b) 140 °C. c¢) Schematic illustration of orthorhombic unit cell
of PEDOT as®well as the lattice parameters and n-n stacking distance. d) Influence of OSR on the b-
axis lattice r of samples grown at different conditions. e) Inverse trend of in-plane electrical
conductivi stacking distance in as-deposited samples grown at different conditions. The data
points inst een circle are related to the films grown with the lowest OSR, which have the
doping level. The orange-color triangles in d) and e) exhibit the previously
reported bje parameter and electrical conductivity of as-deposited PEDOT thin films grown

by VOCI; oxidant Byith the best performance.

The n-n stacKifg distance in the orthorhombic structure of PEDOT (Figure 5c) is half of the b-

axis lattice parameter. The GIXRD of (020) peak at high magnification (Figure S3, Supporting
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Information) allows determination of the b-axis lattice parameter. As a consequence of increasing the
SbCls saturation ratio, the diffracted (020) peak gradually shifts toward lower diffraction angles,
which is ailnalca!ion of increasing the n-m stacking distance. Figure 5d shows that the b-axis lattice

parameter @ as OSR increases and may reflect increased dopant levels or rise in backbone

P

chlorinatiommasmemealed by XPS (Figure 3a). At the same value of OSR, the use of SbCls leads to a
lower nt-nt histance than that of previously reported using VOCI; (Figure 5d). The larger n-n

stacking di§tances @btained using VOCI; may reflect a larger concentration of oxidant byproducts and

C

oxidation igure 5d also exhibits that at the fixed OSR for SbCls, PEDOT thin films grown

S

with W-A #®the lower b-axis lattice parameter than samples deposited without water vapor (as

illustrated in Figur@ 1c). The reduced b-axis lattice parameter for W-A growth than without W-A can

i

be attribut improved rearrangement of PEDOT chains due to the better decomposition of

M

SbCls oxid er amount of non-ionized dopant, and avoiding chlorination of the backbone due

to over oxi@ati demonstrated by XPS results (Figure 3b,c¢).

a

Co the hypothesis of interchain transport being the rate-limiting process for electrical
transport,! K e shows that low m-m stacking distances correlates to higher o, except for the two
points which are circled in green. These two outlier points at low OSR have lower doping levels, as
demonstratg by XPS (Table S4, Supporting Information), and also may lack of polymer chains of
sufficient 1 form tie-chains between crystallite pairs. The direction with high mobility of
charge can@

signiﬁcant‘ to the overall conductivity between crystallites. When intercrystallite conductivity is

high, tie-clain willj not be the rate-limiting step to charge transport, instead the interchain charge

ocated along the polymer backbone of tie-chains. Thus, tie-chains contribute

transport rystallite becomes an important factor and rate-limiting. For W-A growth, the

maximum 0 =+ 240 S/cm occurs at n-r stacking distance of 3.43 A (Figure Se). At a similar,
but slig<t-n stacking distance of 3.44 A, an optimum in 6 of ~5602 = 310 S/cm occurs for
films grown withelit W-A. The magnitude of the interchain charge transport can be described by an
overlap integral, where the value of integral increases as the n-m stacking distance decreases (Eqn. 1).
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According to the Einstein equation, the charge carrier mobility (i) is given by:!***!

I eD l e 1 )
kT kgT %Z,diikifp”
l
e 1 (AEI] +/1)
N =7 T _Z i u(_ )1 3)
kBT 2n J AkB 4/1]( T

where e is Qntary charge, D is the diffusion coefficient, kp is the Boltzmann constant, T is the

absolute te re, n is the integer number, d;; is the center to center mass distance between
crystallite m ; 1s the is the relative diffusion probability, and k;; is the charge transfer rate, 71 is
the reducemconstant, A is the charge carrier reorganization, and AE;; is the energy difference

between initial and final states on nearby chains.

The clgsfer rate (k), thus carrier mobility, is proportional to the square of the interchain

charge tmmegral (t)), as can be noted in Eqn. 3. The change transfer integral grows

exponeinti ithy decreasing the m-m stacking distance between chains, thus carrier mobility and
electrical con ity increases exponentially. The interchain charge transfer integral is expected to
be sligh W-A growth due to the lower n-n stacking distance, which yields a higher charge

transfer ra! (increasing k). It is noteworthy to mention that the observed o enhancement of ~1140%
(~11.4-fold)4 VD PEDOT thin film with the reduction of n- stacking distance (from 3.50A down
to 3.43A) 1 ement with other conjugated polymers such as oCVD PEDOT grown with VOCl;
oxidant,!” :PSS,”Y and P3HT.P” Generally, each 0.01 A reduction in the m-m stacking
distance of_conjugated conducting and semiconducting polymers yields the substantial enhancement

of,asa Cﬁce of increase in the interchain charge transfer integral ./

Electrical conductivity is highly influenced by the n-m stacking distances, planarity of backbone,
preferred orientation, crystallite size, and film thickness of conjugated polymers. In the situation of
superior intercrystallite conductivity through tie-chains in a highly orientated face-on (or highly

oriented edge-on), the interchain charge transport within a crystallite becomes a rate-limiting factor.
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18



Thus, the reduction of n-m stacking distance plays a critical role in enhancing carrier mobility and
electrical conductivity due to the exponential rise in the interchain charge transfer integral, as shown
in Eq. 1 and Eq. 3. In such a scenario and considering that all other parameters are almost fixed, the
~11.4-fold improvement in the electrical conductivity due to the 0.07 A reduction in the n-m stacking
distance gives the wave function overlap decay length (1/y) of ~0.05 A. It is noteworthy to mention
that in the case of highly face-on orientation (samples grown at 140 °C), the value of 1/y is estimated
to be ~0.08 A due to the increase of electrical conductivity from 2220 to 7520 S/cm as a consequence
of n-m stacking reduction from 3.48 A to 3.43 A.

The opiteal tFAnsmittance spectra of samples grown on the glass microscope slides (Figure 6a),

which are obtaines using ultraviolet-visible—near infrared (UV-vis—NIR) analyses, are exhibited in

Figure S4 !Supporting Information). The extracted optical bandgap energy (E,;) values from the

absorption f samples (Figure S5, Supporting Information) correlate inversely with OSR. The

reduction @1\ 3.30 down to 2.0 eV) as a consequence of increasing the OSR (from 50 to 1980

ppm) i i with removing more electrons from the highest occupied molecular orbital
(HOMO) and iding a more positively charged holes as charge carriers along the polymer

backbone. ¢ obtained E; values for oCVD PEDOT films grown with VOCI; oxidant were in the
range of 2.52.6 eV." The reduction of the lower limit of E4 with ~0.6 eV in the case of PEDOT film
grown with VD and use of SbCls oxidant compared to the VOCI; oxidant can be attributed to
the incorpo more ionic dopant in the PEDOT film instead of overoxidation and chlorination

of backbos. By comparing the optical transmittance values at 550 nm (Figure S4, Supporting

Informatio:l: and ig values (Figure 6b), it can be noted that PEDOT thin film with a wider E,

displays hi mittance. It is noteworthy to mention that optoelectronic tunability characteristics
of PEDO m using OSR is highly beneficial in band alignment between different layers in
photov ices.”

The Urbach energy (Ey) represents the amount of structural and energetic disorder and can be

estimated from the absorption coefficient (Figure S6, Supporting Information). The Ej; indicates the
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amount of localized states in the energy band diagram and low Ej; value is the sign of better structural
order.”! The Ey increases by the increase in OSR (Figure 6¢). At the fixed OSR value, the films
grown Mxhibit relatively lower Ej (higher morphological order) than their counterparts
grown wit , due to the crystallinity enhancement. The highest in-plane ¢ of 7520 + 240 S/cm
is obtaifiednmsample with a minimum Ey value of 205 meV (grown with W-A at 140 °C and OSR of
100 ppm), hnher demonstrates the superior morphological order of that sample grown with W-
A. Besides@ithe low obtained Ey value (ca. 205 meV) in oCVD PEDOT grown by W-A with the use
of SbCls g indicates the better morphological order, thus superior o, than PEDOT:PSS
(Ey value of 3040"meV)** and oCVD PEDOT grown by VOClI; oxidant (Ey value of 704 meV)."”!

There is a dr;back on the optical transmittance in high carrier density due to the absorption of

light by ch iers. The presence of trade-off between optical transmittance and sheet resistance
is exhibite re 6d. To evaluate the optoelectronic characteristics of TCEs, the figure of merit
(FoM = agl./d b here o4, and o,, are the DC and optical conductivity, respectively) is
definedsen chmark indicator of commercial viability of TCEs (e.g., FoM~35) is shown by
the dashed-gr e in Figure 6d. As can be noted, the majority of samples have the FoM value
higher than 35. The highest FoM = 94 (sheet resistance of ~60 Q and optical transmittance of

~93.7%) ifobtained in sample grown with W-A at 140 °C with theand OSR value of 150 ppm. As
compared t igh reported FoM value in oCVD PEDOT thin films grown by VOCL" and
F e(:13[44,58]

W-A grof eEEances the FoM value by 19x and 6.7%, respectively. The optoelectronic

(upward and downward triangles in Figure 6d), the use of SbCls oxidant with the

characteristics of oCVD PEDOT films can be tuned by adjusting the OSR and deposition temperature.
In contrast, in s;%l—cast PEDOT:PSS, adding different organic solvents and surfactants, such as
dimethyl sulfoxide (DMSO), is an alternative path for tuning the optoelectronic characteristic. It is
notewortht*in‘erition that the achieved FoM = 94 in this study is ~1.8x higher than the highest

reported value in PEDOT:PSS obtained by adding 5 wt.% DMSO to spun-cast solution.””!
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Figure 6. !ggtoelectronic characteristic of PEDOT thin films grown with the SbCls oxidant. a)

Photograph o OT thin films grown at different OSR and temperatures on the microscope glass
slides. b) of OSR on the optical bandgap in samples grown at different conditions. c)
Urbach ener es as a function of OSR in samples grown with and without W-A at different

eratures. d) Optical transmittance and sheet resistance values of films grown at
s. €) Cross-sectional SEM image of sample grown by SbCls oxidant on the silicon
trench wafers witli“aspect ratio of ratio of ~11. Formation of highly conformal oCVD PEDOT thin
film can be noted from different view angles, as shown in the right and left images.
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The cross-sectional scanning electron microscopy (SEM) image demonstrates the ability of the
oCVD method using SbCls oxidant for growth of high conformality PEDOT thin film (Figure 6e).
The crom SEM image of PEDOT thin film grown on a wider area of the trench silicon wafer
is exhibit S7 (Supporting Information). While the oCVD method provides highly
conforngal samemmmmiform PEDOT thin films, the spun-cast PEDOT:PSS does not exhibit such
advantage, e to the surface tension effects and formation of an air-gap, bridging, and
meniscus.'§” Dep@siting ultrathin conformal oCVD PEDOT coating on high aspect ratio features

[61]

yields signi vantages in many advanced technologies, including wearable electronics,” - and

electroche rgy storage devices. "%

-
3. ConclusC
AR

In sumr&ar@ese results indicate that the in-plane electrical conductivity of semicrystalline
PEDQOT thin films in the face-on orientation can be rate limited by interchain transport, resulting in an
inverse correlation between the conductivity and m-m stacking distance. The high-record electrical
conductivity of 75204240 S/cm was achieved in as-deposited oCVD PEDOT thin films grown with

W-A at the@deposition temperature of 140 °C and OSR value of 100 ppm. The use of W-A growth

[

provides a better decomposition of oxidant and induces a higher amount of Cl~ dopant instead of

backbone chlorination and SbCl, dopant, which results in a high degree of perfection for PEDOT

polymerization. As the outcome of less backbone chlorination and ShCIl; dopant, the increased

[

crystallite size and reduced n-n stacking distance is achieved in the W-A growth of PEDOT thin films

|

using the oCVD method. In general, W-A oCVD method is a promising approach for the electrical
conductividcement as a consequence of (i) m-m stacking distance reduction, (ii) rise in

(iii) increase of linear configuration of polymer chains (quinoid structure), (iv)

reduction of the ach edge, and (v) reduction of non-ionized counter-ion dopant. The presence of

tie-chains in highly face-on orientation contributes significantly to the overall conductivity between
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crystallites. However, in the case of superior intercrystallite conductivity, the interchain charge

transport within a crystallite becomes an important rate-limiting factor. The higher interchain charge

transporM:ased overall charge transfer rate, can be achieved by lowering the n-m stacking

distance teering the dopant level and OSR. In addition, the increased crystallite size is

anothermparametemthat yields a higher overall charge transfer rate due to the reduced numbers of

crystalliteshd to be connected by tie-chains. This study reveals an important milestone in
S N

enhancing the electrical conductivity of as-deposited PEDOT thin film without the need for acidic

post-deposition sj through systematic tuning of OSR in the W-A oCVD method.

NUS

4. Experi ction

The E

d

omer (purchased from Sigma-Aldrich, 97% purity) and SbCls oxidant (purchased
from Si rich, 99% purity) were used as received without further purification. The EDOT and

SbCl; ated in a temperature-controlled glass jar at the temperature of 140 and 65 °C,

M

respectively. The deionized (DI) water kept in a bubbler at room temperature, and the carrier gas of

argon was eliver the DI water vapor to the reactor. The pressure of reactor was maintained at

F

a fixed valge o mTorr. The detailed information relates to transferring the flow rate to SCCM is

Q

provided in “Supporting Information and the processing information is provided in Table SI

q

(SupportingInformation).

Mat cterization is performed on as-deposited PEDOT thin films without any acidic

{

rinsing post-treatmgnts. The sheet resistance (R;) was recorded with a standard four-point probe set-up

U

using a Jandal foug-point probe (CYL-1.0-100-TC-100-RM3) connected to Keithley 2000 and 2400

. . .. . 1 :
multim electrical conductivity was extracted from the equation (o = R where o is the
S

A

electrical conductivity (Siemens/cm, S/cm), Ry is the sheet resistance (Q2), and t is the film thickness

(nm). The film thickness was measured by a step-height profilometer (Veeco Dektak 150) and
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confirmed with the Atomic Force Microscope (AFM, Veeco Dimension 3100). Grazing incidence X-
ray diffraction (GIXRD) measurements were carried out using a Rigaku Smart lab diffractometer
equippe a Cu-K, radiation of A=0.15418 nm. Scanning electron microscopy (SEM) was carried
out using & @ d-emission gun Scanning electron microscope (FEG-SEM), JEOL 6700F. X-ray
photoel getrommspeetroscopy (XPS) samples were analyzed using a Surface Science Instruments SSX-
100 with ahg pressure of approximately 2x10” Torr and the monochromatic Al K, radiation.
In XPS m@t, the binding energy (BE) was extracted by subtracting the X-ray energy (here
1486.70 eVgpfr e electron kinetic energy and stoichiometry values were extracted using CasaXPS
software. zmm total reflection-Fourier transform infrared (ATR-FTIR) spectra were collected

using a NICOLETHS50 FT-IR with ATR attachment. Raman spectroscopy analyses were performed

Gl

by a Horib msY von HR800 with a laser wavelength of 785 nm. Ultraviolet-visible-near infrared
(UV-vis-N roscopy was carried out using a Cary 7000 Universal Measurement Spectrometer

equipped Wit W integrating sphere detector. The figure of merit ( FoM = g4./0,,) values are

-2

extract = (1 + %Z"—p) , where T'(A) is the transmittance at A = 550 nm, Z, = 377 ()
sh Ydc

(impeda ee space), and Ry, is the sheet resistance (Q sq™)!*".

d
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Water-Assisted oCVD Growth of PEDOT
T=00°C @ T-140°C Py T=00°C(W-A) Py T,2140°C(W-A)
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In poly(3,4Sthylenedioxythiophene) (PEDOT) thin films with a highly face-on orientation, the charge
transport thains within a crystallite becomes a rate-limiting factor, which is highly sensitive
to the m-n

distance. Engineering m-m stacking distance in PEDOT films grown by water-

assisted oxidative chemical vapor deposition (0CVD) yields a record high electrical conductivity of

7520 + 24=IS/cm. '
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