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ABSTRACT

Organic light-emitting diodes (OLEDs) are emerging technologies for potential lighting and

display applications. Transparent conductive electrodes (TCEs) play a crucial role in enabling the

functionality and increased performance of these particular devices. Despite its widespread use,

indium tin oxide (ITO) thin films have several significant drawbacks, including material scarcity,

high costs associated with both materials and fabrication processes, and limited flexibility. To

address these issues, we thoroughly investigate the deposition of Poly (3,4-

ethylenedioxythiophene) (PEDOT) thin films, as a promising alternative to ITO, using a single-

step and dry method named oxidative chemical vapor deposition (0CVD). The impact of

increasing the substrate temperature from 110 °C to 190 °C on the film's structure and properties

was revealed with an increase in the film conductivity to over 1600 S/cm at 170 °C and a total

transmittance of 97% in the visible range. This increase was attributed to a change in the molecular

structure of the conjugated polymer from benzoid to quinoid, as revealed by Raman and FTIR

measurements. The XPS results demonstrated an increase in doping ratio with Cl-containing

species and a reduction of impurities. GIXRD, HR-TEM, and AFM measurements indicated a

smooth surface and a highly face-on orientation for all temperatures. The optimized TCE layers
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were successfully integrated into deep blue OLED devices emitting at 436 nm with a stable color

Commission Internationale de I’Energie (CIE) coordinates of (0.15, 0.08) under variation of the

applied current. The performance (72.1 Cd/m? and 0.86 W/Sr.m? at 10 mA.cm™) and an external

quantum efficiency (EQE) of 1.04% were achieved. These results are quite promising, as OLEDs

based on PEDOT as a TCE have demonstrated slightly better output performance in terms of

luminance and radiance, with an increase in EQE by the factor of 1.7, compared to the reference

device based on ITO.

1. INTRODUCTION

Organic light-emitting diodes (OLEDs) have led the way for display and lighting applications with
their superior performance in terms of color gamut and luminance efficiency!™. This technology
is widely used in everyday applications such as smartphones and digital cameras and is a potential
candidate for the Internet of Things IoT, e.g. temperature and humidity meters based on OLED
displays>~. Nevertheless, several challenges still need to be overcome to achieve even better
devices with great output performances. One such challenge is to enhance the device architecture
by reducing the number of layers that can lead to a high probability of photon trapping. Another
highly significant bottleneck is the replacement of indium tin oxide (ITO) thin films as electrodes
for this particular device. In fact, the scarcity and expensive cost of the latter require to develop
alternative cost-effective materials®. Further, the brittleness of this particular material and its

manufacturing process make it less appealing for further development. Besides, polystyrene
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sulfonate (PSS)-doped Poly (3,4-ethylenedioxythiophene) PEDOT is commonly used in OLEDs
to promote hole injection and thus improve light coupling and device efficiency®. This has been
demonstrated in several works in which solution-processed PEDOT:PSS layers (post-treated with
benzoid acid! and acetone!!) were incorporated into OLEDs revealing an enhanced luminance'!.
Although PEDOT:PSS helps to improve the performance of OLEDs, it still depicts several
drawbacks in terms of anisotropic charge injection, hygroscopicity, and acidity, which thus leads
to device degradation and limits operational stability!?. In addition, PSS counter ion restrict the
electrical conductivity of the PEDOT due to its insulating nature, resulting in undesirable changes
on various properties such as work function and band alignement'3. Although PEDOT:PSS is
currently used as hole injection layer (HIL) within ITO based OLEDs!415, all the above, mainly
its poor electrical conductivity, restraints its successful integration in OLED devices as an efficient

ITO free TCE.

To this end, pristine PEDOT represents an excellent alternative to transparent conducting
oxides (TCOs) due to its high optical transparency, high electrical conductivity, and promising
mechanical flexibility. In fact, several routes are known to produce PEDOT thin films, all
belonging to liquid-based methods from spin coating, particularly for PEDOT:PSS'®-13, to
chemical polymerization'®?, electropolymerisation?!-?2, and even vapor phase polymerization
(VPP) which involves a first liquid step?3?*. Another original approach, known as the oxidative
chemical vapor deposition (0CVD) process, was introduced by the Gleason group?>26. It is a dry
and one-step technique that allows for the precise deposition of high-quality PEDOT films at low
temperatures (<200 °C) and under reduced pressure (<200 Pa), allowing conformal coatings on
complex or thermosensitive substrates while avoiding solvent-substrate issues. The conjugated

polymer is then synthesized through gas phase injection of 3,4-ethylene dioxythiophene (EDOT)
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as monomer and one oxidant. Further, the solid oxidant iron trichloride (FeCl;) was the first and
most common one to be studied?’-2837-41.2936 while in recent years, liquid oxidants, namely (3-
thiophene acetic acid (TAA)*, vanadium oxytrichloride (VOCI3)*%, sulfurice acide (H,SO4)*°,
bromine (Br,)?’, molybdenum(V) chloride (MoCls)*’, copper(II) chloride (CuCl,)*, and antimony
pentachloride (SbCls)*49-31 have replaced it with the aim of optimizing the performance of
PEDOT and avoiding sublimation drawbacks. Among these candidates, SbCls has recently
emerged as one of the most commonly used precursors, due to its low toxicity, high volatility, and
cost-effectiveness, compared to other compounds such as molybdenum(V) chloride (MoCls) or
vanadium oxytrichloride (VOCI3)*. This enables the efficient deposition of highly conductive
films through oCVD, making it a robust process for successful integration into several

applications, as evidenced by the few publications using this particular precursor349-31,

The most commonly accepted mechanism for PEDOT deposition through the oCVD
process involves the oxidation of monomers to form radical cations, the dimerization of cation
radicals, the deprotonation of dimers to obtain conjugation and their oxidation within the step-
growth polymerization process forming the growing polymer chain. Some of the positively
charged heterocyclic rings are stabilized by the presence of counterions, known as dopants, e.g.
Cl- and/or SbClg #°. So, the mixture of the oxidant and monomer vapors in suitable processing
conditions allows polymerization, doping, and thin film formation to occur simultaneously,
providing two polymeric molecular structures, namely benzoid or quinoid®>3. The quinoid
conformation displays higher conductivity due to enhanced charge delocalization and the presence
of alternating double bonds, which promote stronger intra-chain coupling and thereby improve
electrical conductivity. Still, the overall electrical film conductivity is also impacted through inter-

chain coupling even though it is considered weaker than intra-chain one*-33, This is mainly due to

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Polymer Materials

the low charge carrier mobility through the n-r inter-chain. To enhance the charge mobility at the
inter-chain coupling, it is essential to reduce the m-m distance, which helps prevent charge
localization caused by defects and amorphous regions?3. In fact, PEDOT is formed of a complex
micro-, and nano-structure of ordered crystalline regions embedded in an amorphous matrix, which
must be controlled to avoid charge localization. Besides, the crystallographic orientation of the
crystalline regions can greatly impact the film conductivity through creating an anisotropy in
charge transport that is either parallel or perpendicular to the conjugation direction. Commonly,
the PEDOT orientation is based on the face-on orientation where the stacking of n-m interchain is
parallel to the substrate's plane, whereas in the edge-on orientation, the stacking is perpendicular
to the substrate's plane. A mixture of both orientations leads to a high-angle grain boundary, which
creates defects and increases the energy barriers for intercrystallite charge transfer, thereby
reducing electrical conductivity>3. For these reasons, it is important to maintain a low level of
heterogeneous orientations to prevent recombination keeping whether a highly face-on or edge-on

orientation (no orientation anisotropy and better percolation pathway).

In the present study, we have thoroughly investigated the deposition of PEDOT thin films
by oCVD using EDOT as a monomer and SbCls as an oxidant. Furthermore, following previous
works of our group performed in a cold wall reactor?~°, the PEDOT deposition was carried out
using a hot-wall reactor with the aim of improving film uniformity over a large surface area. Thus,
the aim of this study is to investigate the influence of the substrate temperature, ranging from 110
°C to 190 °C, on the structure, morphology, and properties of PEDOT thin films deposited on glass
and silicon substrates. This is done towards enhancing the film properties and facilitate the efficient
integration into blue OLED devices as an alternative to ITO. Thus, a proper approach, such as

oCVD, allows to generate solvent-free PEDOT thin films under reduced pressure and temperature
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while inducing doping at once. To the best of our knowledge, no reported work has shown
improved OLED performance using electrodes based solely on oCVD-PEDOT replacing ITO.
These findings demonstrate the significant potential of oCVD-PEDOT layers in OLED devices,

paving the way for the development of next-generation organic optoelectronics.

2. METHODS

2.1. Film deposition

oCVD experiments are performed in a custom-built horizontal tubular hot-wall borosilicate
glass reactor of 4.9 cm in diameter and 32 cm long, as schematically presented in Supplementary
Figure S1. PEDOT films were deposited on borosilicate glass substrates (3.4 cm x 2.2 cm) and Si
(100) wafers cut in centimetric coupons, placed on a horizontal rectangular platen as illustrated in
Figure 1a. The reactor is equipped with a heating jacket connected to a PID controller to monitor
homogeneous wall temperatures and with heating ribbons at its two extremities. A thermal
calibration pre-deposition step under pure nitrogen allowed to obtained an isothermal substrate
temperature along the reactor length at 110, 130, 150, 170, and 190 °C. The total pressure is
controlled by a system composed of a XDS 10 scroll dry pump (Boc Edwards), a gate valve, and
a Baratron pressure gauge. The total pressure is fixed at 42 Pa and the deposition time has been
varied from 2 to 10 min, targeting film thicknesses in the range 5 to 50 nm. PEDOT films were
produced from monomeric 3,4-ethylenedioxythiophene (EDOT, 97%, Sigma-Aldrich) and SbCls
(99.99%, Sigma-Aldrich). The liquid reactants, SbCls and EDOT were evaporated from glass
bubblers and placed in a thermally-regulated oven at 90 °C. The bubblers were loaded in a glove
box under argon atmosphere. All gas lines between the bubblers and the reactor inlets were heated
at 100 °C to avoid condensation of the gas phase. A flow of 20 standard centimeters per minute

(sccm) of nitrogen (99.999%, Messer) was also sent into the reactor during the depositions in order
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to dilute the reactants. The samples were first cleaned with water, acetone, and isopropanol in an
ultrasonic bath for 5 min each, then dried with argon followed by a UV-Ozone plasma cleaning
for 10 min. Before and after each experiment, the mass difference of the SbCls and EDOT bubblers
was systematically measured using a KERN ABS 320-4 N balance with a precision of 0.1 mg.
This procedure allowed us to ascertain the flow rates of the vaporized EDOT and SbCls, thus the

inlet molar SbCls on EDOT ratio of 1:0.84.

2.2, Characterization techniques

Film thickness was measured with cross-section Focused ion beam (FIB) - Scanning
electron microscopy (SEM) (THERMO FISHER, Helios NanoLab 6001) and through atomic force
microscopy (AFM) after inducing a step height. AFM maps were obtained using a dimension
ICON (BRUKER). Further, a thin foil was prepared using the focused ion beam-lift out technique
in FIB-SEM to allow Transmission electron microscopy (TEM) analysis (imaging: High resolution
TEM (HR-TEM) and Scanning TEM - High angular annular dark field (STEM-HAADF); and
chemical composition mapping: Scanning TEM - Energy dispersive X-ray spectroscopy (STEM-
EDX)). TEM imaging was performed using electron microscope JEOL JEM 2100 F operated at
200 kV equipped with an Energy dispersive X-ray (EDX) analyzer (Oxford instrument
Ultim®Max 100 mm?). The film was analyzed using transmission Fourier transform infrared
spectrometry (FTIR), with Frontier PerkinElmer spectrometer. Each spectrum was acquired with
16 scans at 4 cm! resolutions. The baseline has been performed for each spectrum with Omnic 9.1
software. Optical transmittance of films deposited on purpose on glass substrates (Deckglaser
0101062) was measured using an Agilent Cary 5000 UV-Vis spectrometer within the range of
300-800 nm. A 600 nm/min scan rate with 2 nm spectral bandwidth (SBW) was applied. The film

sheet resistance Rs was measured on the wafer substrates with a Signatone S-302-4 four-point
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probe station. A current ranging from 1000 nA to 10000 nA was applied with a Keithley 6220
instrument, and the corresponding voltage was read on a Keithley 2182 A one. Raman analyzes on
films were carried out using a confocal Raman Labram HR 800 Horiba Yvon Jobin microscope.
The samples were exposed to continuous laser radiation supplied by an argon laser at 532 nm with
a power of 0.8 mW. Attenuation filters were used to avoid any degradation of the materials
lowering the laser power by ten. Each spectrum was acquired with a 30 second time and 3
accumulations. Data processing was performed using Labspec 6 software. Grazing incidence X-
ray diffraction (GIXRD) data was achieved with a D8-Bruker Advance instrument using a Cu Ka
(1.5418 A") X-ray tube operating at 40 kV and 40 mA, a G6bel mirror and a solid-state Lynxeye
detector. The measurements are investigated in the range of 20 = 5-35° with an angle of incidence
of 2° with 10 s steps. For the X-ray photoelectron spectroscopy (XPS) analyses, the photoelectron
emission spectra were recorded using a monochromatised Al Kalpha (hv = 1486.6 eV) source on
a ThermoScientific K-Alpha system. The X-ray spot size was about 400 um. The pass energy was
fixed at 30 eV with a step of 0.1 eV for core levels and 160 eV for surveys (step 1eV). The
spectrometer energy calibration was done using the Au 4f;,, (83.9 £ 0.1 eV) and Cu 2p;/, (932.8 +
0.1 eV) photoelectron lines. XPS spectra were recorded in direct mode N(Ec) and the background
signal was removed using the Shirley method. The flood gun was used to neutralize charge effects
on the top surface. The water contact angle of the PEDOT thin film was measured using the sessile
drop method (DIGIDROP, GBX) on a silicon substrate coated with PEDOT. Water droplets were

deposited onto the sample surface using a micro syringe fixed on the DIGIDROP GBX equipment.

2.3.  Device Fabrication and testing

OLED device structure being considered in this work consisted of TCE as anode/ N,N'-

Di(1- naphthyl)-N,N'-diphenyl-(1,1"-biphenyl)4,4'diamine (NPD) as both hole transporting layer
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(HTL) and emissive layer (EML)/ 2,2',2"-(1,3,5-Benzinetriyl)-tris1-phenyl-1-H-benzimidazole
(TPBi) as both electron transport layer (ETL) and exciton blocking layer (EBL)/ Calcium (Ca,
80 nm) as cathode. Two types of TCE based OLED were fabricated. PEDOT based TCE were
coated on glass substrate by using oCVD process as described in previous section. ITO based TCE
consist of 100 nm of ITO coated glass substrates from Kintec with a sheet resistivity 15Q/square.
The ITO glass substrates were cleaned sequentially with deionized water, acetone, ethanol,
isopropanol and treated with UV ozone right before organic deposition. A thickness of 95 nm for
NPD and 35 nm for TPBi was chosen in order to confine exciton formation within NPD layer close
to the interface with TPBi. This OLED structure led to deep blue emission (at 436 nm) originated
from NPD emission. All these materials were purchased from Kintec. The organic materials and
the cathode were deposited by thermal evaporation in a multiple-source chamber under high
vacuum (<103 mbar). An in situ quartz crystal microbalance (QCM) was used to monitor the
thickness of the layers. The active area of the device was 18.28 mm?. Characterizations of the
OLEDs were obtained under inert atmosphere. Electrical characterization (I-V) of devices was
performed using a Current-Voltage source (Keithley). The electroluminescence spectra, the
luminance and the Commission Internationale de I’Energie CIE coordinates were measured by

using a spectroradiometer (JETI SpecBos 1201).

3. RESULTS AND DISCUSSION

Figure 1b details the PEDOT deposition rate Ry evolution for the glass substrates along
the reactor length (samples B, D, E and F) for the various substrate temperature Ty, tested at 110,
130, 150, 170 and 190 °C. The corresponding variations of the PEDOT film thicknesses are
provided in Supplementary Figure S2. It appears first that the average Ry on the whole substrates

of a given experiment tends to decrease when T, increases, as already found by other authors*®-*0.
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It indeed varies from 0.24 £+ 0.06 nm/s at 110°C to one order of magnitude lower values for samples
deposited at 190 °C. This trend could be explained by the fact that for this range of operating
conditions, the PEDOT deposition process is most likely limited by the SbCls availability near the
substrate surface®?. Higher temperatures reduce vapor-to-surface adsorption and therefore limit the
amount of oxidant available for surface reaction®’. The range of R4 obtained is comparable to those
of previous works for close deposition conditions®'. Moreover, the uniformity in Ry and then in
thickness along the reactor length and even on each substrate markedly increases with Ty,. Indeed
at 110 °C, Ryqdecreases from 0.35 nm/s for sample B to 0.08 nm/s for sample F (corresponding to
thicknesses between 43 and 10 nm). The thickness variation is less pronounced at 130°C (32 to 15
nm) and becomes negligible for samples D to F at 170 °C (thickness close to 4.7 + 1.4 nm) and
190 °C (thickness close to 1.8 = 1 nm), leading to a 10 cm long uniform region. This behavior
could be due to the fact that as the average Ry is higher at low temperature, the reactants
consumption along the reactor length is higher too, leading to a more marked depletion in
precursors and then to a mass transport limited process at 110 °C and 130 °C. Thanks in particular
to the low total pressure imposed, the process is kinetically limited at the other temperatures, which

is very favorable to uniformly coat large substrates.

For these same samples, the average film electrical conductivity for the whole substrates
of a same experiment shows a gradual increase with Ty, from 110 °C (~80+20 S/cm) to 170 °C
(~1600+50 S/cm) (Figure 1c¢), as was already observed by other studies*-*0. At 190 °C, the average
conductivity for samples D to F drops markedly to values close to 144 = 41 S/cm, while that of
sample B located near the reactor entrance remains at 1262 + 380 S/cm. This is probably due to
the fact that at Ty, of 190 °C, the gaseous SbCls is decomposed in non-reactive by-products, the

main one being the volatile SbCl; species, knowing that the SbCls decomposition temperature is

ACS Paragon Plus Environment

11



oNOYTULT D WN =

ACS Applied Polymer Materials Page 12 of 45

equal to 180 °C*%-*4. This decomposition is probably moderate for sample B as it is the closest one
from the inlet and much more marked after 7-8 cm from the entrance for the other samples.
Previous works using SbCls oxidant were performed at temperatures below 180 °C, which explains
why this phenomenon has not been observed previously**#°!. The conductivities are quite
uniform along the reactor length for all the other Ty, except for sample B at 170 °C which presents
a 25% lower conductivity in comparison with samples D to F. This discrepancy could be another
time due to the fact that sample B is the closest one from the reactor inlet and that the gaseous
reactants could have not yet reached the target temperature of 170 °C in this zone. Besides, the
average square resistance of the different samples is added to Supplementary Table S1. Some of

these values lie within the suitable range required for the integration of such layers in OLED

devices.
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Figure 1. (a). [llustration of the oCVD reactor used for the deposition of PEDOT thin
films with the schematic view of the 30 cm platen on which seven samples are placed, samples
A, C and G being silicon substrates and samples B, D, E and F being borosilicate glass
substrates. (b). deposition rate, and (¢). electrical conductivity variation, of PEDOT thin films
grown on glass substrates at different temperatures. Error bars represent min/max values

obtained for each point from six different measurements throughout the entire sample.
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Furthermore, as illustrated in Supplementary Figure S3, it can be observed that the film
transmittance at 556 nm shows a slight increase, ranging from approximately 85% to 98%, as the
deposition temperature increases. These values are highly favorable for the integration of such
TCEs in OLED devices. This trend is directly correlated to the variations in film thickness, as
depicted in Supplementary Figure S2. In the following part, only two substrates for each
experiment, sample A (silicon) and sample B (glass), were analyzed. The substrate selection was

based on the compatibility of each substrate with the film characterization method.

Further, the successful polymerization of the EDOT monomer units was confirmed by
FTIR due to the presence of the expected vibration modes. Supplementary Table S2 depicts all the
identified frequencies from the FTIR measurement. Specifically, the characteristic peaks of
PEDOT are observed in the vibrational modes of the thiophene ring at 819 cm! and 944 cm’!, as
well as the ethylenedioxy rings at 1061 cm!, 1113 ¢cm!, and 1154 cm™! 434, Furthermore, the
absence of peaks associated with C,-H stretching at 1310 cm™' and 754 c¢cm' confirms the
successful polymerization of the PEDOT chain*. Besides, the FTIR measurements show the
presence of both PEDOT structures, benzoid at 1448 cm!' and quinoid at 1560 cm™! positions
(Figure 2a), which are associated with the asymmetric stretching of the C=C bond and C-C inter-
ring range respectively. Moreover, Figure 2b illustrates the evolution with Ty, of the under-curve
surface integral of benzoid and quinoid structures (presented in Figure 2c¢), along with the
quinoid/benzoid ratio. As the Ty, increases, the ratio of quinoid to benzoid structures tends to rise
from 0.5 towards 1.3, resulting in a higher proportion of quinoids. This trend aligns with the
previously observed increase in electrical conductivity exhibited by the PEDOT thin films.
Furthermore, Figure 2d represents the Raman spectra of deposited PEDOT films of sample A at

different T, within the range of 1350 cm™! to 1550 cm™!. The peaks observed are similar to those
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previously reported for the oCVD synthesis of PEDOT with the same liquid oxidant (SbCls)*4°.
The 1368 cm'! peak position shows the presence of Cg -Cg stretching vibration, while the
symmetric and asymmetric vibrations of C,=Cj are detected at 1439 cm! and 1505 cm™! peaks,
respectively, confirming PEDOT formation in all samples®. Further, as Ty, increases, the
broadening of the C,=Cy asymmetric peaks is depicted. This is induced through an additional band
on the high wave number (1445 cm™"), whose intensity increases with Ty, and which suggests the
emergence of more quinoid structures. This observation is consistent with the FTIR measurements

and previous reports in the literature*349,
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Figure 2. (a). FTIR spectra of PEDOT thin films deposited on silicon sample A at different
substrate temperatures, (b). Under curve surface integration of the benzoid and quinoid forms of
PEDOT thin films at different substrate temperatures along with the quinoid/benzoid ratio, (c).
Molecular structure of the benzoid and quinoid forms of PEDOT, and (d). Raman spectra of

PEDOT thin films deposited on silicon Sample A at different substrate temperatures.

Additionally, XPS measurements were performed on sample B without any etching process
at two different Ty, (110 °C and 150 °C) to decouple the influence of doping and impurities on

the film properties (Figure 3). The responses of Cl 2p, S 2p, O 1s and Sb 3d were studied to
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determine the contributions of these elements, as detailed in Supplementary Table S3. Three
chemical environments were identified within the CI 2p spectrum, whether ionic Cl, CI-Sb, and
CI-C species. The samples deposited at these temperatures contain a total Cl 2p of 1.45+0.5 at.%,
out of which 0.3 at.% is attributed to the CI-Sb bounds (Figure 3a). This value (1.45+0.5 at.%) is
slightly comparable to the 2.4 at.% of CI 2p found in PEDOT thin films reported by Kaviani et al.,
prepared using the same precursors. The main distinction is that Kaviani et al. enhanced the
electrical conductivity of their films by subjecting them to post-deposition HCI cleaning. Initially,
their as-deposited samples depicted a higher CI content of 13.9 at.%, which decreased to 2.4 at.%
after the cleaning step. The observed reduction was attributed to the decrease of ionic chlorine
species (SbCly), resulting in the predominance of Cl- dopants during the HCI post-treatment®. In
our case, it appears that a lower Cl value (1.45+0.5 at.%) was obtained without requiring any
additional treatment step, which could indicate most suited deposition conditions in terms of SbCls
on EDOT ratio. This confirms that the doping primarily occurred through CI- ions, as the CI-Sb
content in our case is quite low with respect to the values reported within the literature*349->2,
Furthermore, our analysis conclusively showed the absence of any unreacted, trapped SbCls
precursor, which could potentially introduce impurities into our films. These findings provide
confirmation that the operating conditions, particularly in terms of the SbCls to EDOT ratio, were

appropriately selected for our study.
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Figure 3. Chemical environments on the XPS spectra of PEDOT thin films deposited on sample

33 B at 110 °C and 150 °C, (a). CI 2p, (b). O 1s and Sb 3d, and (c). S 2p.

Furthermore, the O 1s core level exhibits four distinct peaks associated with O-Sb + O-S,
41 C-O/OH, C=0, and adsorbed water, along with characteristic antimony peaks (Figure 3b). The
43 decrease of the Sb-Cl content from 3.1 at.% at 110 °C to 2.1 at.% at 150 °C indicates a reduction
of the ionic configurations of the precursor (SbCly) that could potentially act as dopants within the
48 films. Additionally, the percentage of O-Sb + O-S decreases from 6.9 at.% at 110 °C to 5.9 at.%
50 at 150 °C, suggesting a reduction in sulfur oxidation. This aligns with the S 2p core level analysis
(Figure 3c), which indicates a decrease in the amount of the oxidized sulfur from 0.6 at.% at 110

55 °C to 0.3 at.% at 150 °C. This observation is consistent with previous research indicating that
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sulfur oxidation usually occurs from 130 °C3. Moreover, the S 2p analysis revealed a slight
increase in the doped to undoped S ratio from 0.24 at 110 °C to 0.27 at 150 °C, which could
partially explain the enhanced film conductivity. The obtained ratio is consistent with previous
work that used similar precursors®. In fact, most studies report that the oxidation level of heavily
doped PEDOT is typically 33%, corresponding to one charge per three monomer units33->6-7,
Furthermore, the C 1s peak values were found to be comparable at all temperatures, as shown in
Supplementary Figure S4, which aligns well with the reported findings in the literature*>#°. The
predominance of C-C bounds in the C 1s peak can be attributed to the presence of the PEDOT
backbone. On the other hand, the presence of C-O bounds is likely a result of the specific
arrangement or conformation of the PEDOT structure. It is important to note that the C-O signal

might also be influenced by potential CO, contamination from the atmosphere®3.

In addition, PEDOT films may exhibit different crystalline orientations, with two prevalent
ones being face-on (020) and edge-on (100), as shown in Figures 4a&b respectively>. Figure 4¢
presents the Grazing incidence X-ray diffraction (GIXRD) patterns of the PEDOT thin films
deposited on sample B at 110, 150, and 190 °C. The patterns depict two crystalline planes (100)
and (020) for all the three different temperatures3->3. The intensities are similar across the different
samples, indicating a dominant contribution of the face-on orientation with a slight (<10%)
contribution of the edge-on orientation, as shown in Figure 4d. It can then be concluded that in
our case, the impact of the crystallographic orientation on the film conductivity across the
evolution of Ty, is not very significant, as the film predominantly exhibits a highly face-on

orientation over all the samples.
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29 patterns of PEDOT thin films deposited on glass substrate B at 110, 150 and 190 °C, (d). Ratios
32 between the face-on and edge-on orientations in the PEDOT thin films for the various substrate

34 temperatures.

40 Although this configuration may lead to less recombination and improved charge transfer
42 within the layer, intra-chain transport within the conjugated backbone surpasses inter-chain
44 transport in terms of charge carrier mobility, as previously mentioned. In fact, it is likely that the
increase in the PEDOT conductivity with increase of Ty, in our processing conditions is mainly
49 due to an improvement of the intra-chain transport associated with the doping level and molecular
51 structure. In addition, previous few studies investigating the deposition of PEDOT thin films using
the same reagents have found no evidence of crystallinity in the PEDOT film, likely due to the low

56 deposition temperatures and/or different process conditions*>>°, Conversely, Gharahcheshmeh et
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al® reported on semi-crystalline PEDOT films exhibiting both mixed and highly face-on
orientations, supporting the findings of this study. The authors demonstrated that their enhanced
film conductivity could be attributed, at least in part, to a higher face-on orientation and to a lower
n-1t stacking distance of their PEDOT films. Additionally, they observed that the formation of

quinoid structures and the reduction of impurities played a role in modifying film conductivity®.

HR-TEM and STEM-HAADF coupled to STEM-EDX cross-section measurements of a
PEDOT thin film deposited on a silicon substrate at 170 °C (Sample A) were performed. HR-TEM
image (Figure 5a) reveals the silicon substrate consisting of a crystalline silicon bulk, followed
by an amorphous silicon layer and native silicon oxide layer measuring 1-2 nm in thickness.
Moreover, on top of this amorphous layer, a second amorphous layer containing heavy elements
(revealed by dark contrast) is present. STEM-HAADF image corroborated the presence of this
layer (bright contrast in Figure 5b) and STEM-EDX mapping (Figure 5c¢) demonstrates that this
layer containing Sb and S elements, is typical of PEDOT film composition. From these
measurements, the PEDOT thin film thickness was estimated approximately 8+3 nm, in agreement
with AFM measurements. Further STEM-EDX mapping measurements were conducted on a
larger film section of 1 um, as depicted in Supplementary Figure S5, showing the conformity and
homogeneity of the PEDOT film in terms of both film thickness and chemical composition across
the entire analyzed zone. This seems to confirm that the oCVD process operates in a kinetically-

limited regime at 170 °C.
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23 Figure 5. (a) HR-TEM image of the PEDOT thin film deposited on silicon substrate A at 170 °C.

oNOYTULT D WN =

27 (b) STEM-HAADF image coupled to (c) STEM-EDX mapping for different elements (Si, S, Sb

30 and O).

AFM measurements were performed to extract the root mean square roughness of sample
39 B for the five Ty, The films exhibit relatively low roughness values ranging from 0.56 nm to 1.29
41 nm with a uniform morphology free of pin-holes, as presented in Figure 6. Further details on the
43 roughness values at each temperature are presented in Supplementary Table S4. The obtained
values are similar to previous work using the same reagents having a film roughness around 0.71-
48 1.35 nm*. This is crucial as OLED devices require a smooth, homogeneous, and uniform surface

50 without pinholes that may generate recombination at the PEDOT interface, which can thus degrade

53 the output device performance. A comparative table summarizing the properties of PEDOT
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synthesized using various methods is provided in Supplementary Table S5. This table

demonstrates higher maximum values of conductivity and transmittance for PEDOT synthesized

by oCVD and oxidative molecular deposition (0MLD) when compared to other methods such as

vapor-phase deposition, electrochemical polymerization, and solution-based PEDOT for films of

tens of nanometers in thickness. Regardless of the method used to produce PEDOT thin films,

smooth surface with low RMS values can be obtained in all cases.

Figure 6. AFM topography images of PEDOT thin films deposited on sample A at different

substrate temperatures (from 110 °C to 190 °C).
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Furthermore, the roughness values, surface morphology, and chemical bonds are
contributing factors to the observed hydrophilic behavior of the samples surface (see
Supplementary Table S6 and Figure S6). Indeed, the average contact angle ranges from 54.3° to
44.9° for samples A deposited at 110 °C and 190 °C, respectively. The observed hydrophilic
behavior could induce better wetting properties, adhesion, and film formation of the organic layers

within the OLED processing and thus performance.

After a thorough investigation into the influence of deposition parameters on the structure,
morphology, and properties of ocCVD-PEDOT thin films, we successfully achieved high values in
terms of both electrical conductivity and transparency. Further, the oCVD PEDOT thin films used
for OLEDs were deposited at a temperature of 170 °C with a film thickness of 40-45 nm. These
parameters have resulted in the formation of a conformal, homogeneous film with low roughness
and high conductivity. This was crucial for achieving a homogeneous emission area in OLEDs,
promoting efficient charge generation from PEDOT to the organic emissive layer>®>°. The PEDOT
thin film was successfully integrated as TCE anode for deep blue OLED structures. OLEDs include
a cathode of calcium 99.99% (Ca), NPD as both an emissive layer and hole transport layer, and
TPBi as both an exciton blocking and electron transport layer (Figures 7a&b). For comparison,
the OLEDs based on commercial ITO were also fabricated by using similar structure. OLEDs

displayed a deep blue light with a maximum of emission centered at 436 nm.
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Figure 7. (a) Structure and (b) optical image, of four OLED devices comprising a PEDOT thin

film by oCVD at 170 °C, comparison of the (c) electroluminescence spectra, and (d) radiance

measurements between the reference devices based on an ITO electrode and those with an

alternative oCVD-PEDOT thin film-based electrode.

Replacing ITO with oCVD PEDOT in OLEDs resulted in slightly higher performance in

terms of radiance and luminance at 2 mA (Figures 7c¢&d). The detailed results are presented in

ACS Paragon Plus Environment

24



Page 25 of 45

oNOYTULT D WN =

ACS Applied Polymer Materials

Table 1, showing an increase of 8.35 Cd/m? and 0.25 W/Sr.m? in luminance and radiance,
respectively, compared to the reference device using ITO. The oCVD PEDOT layer demonstrated
superior conversion of electrical energy to emitted light, with a higher external quantum efficiency
(EQE) of 1.04% at 1 mA, resulting in increased OLED brightness and improved color accuracy.
It is worth mentioning that the turn-on voltage of ITO-based and PEDOT-based OLEDs is 3.3 V
and 14 V, respectively, for a luminance level of 1 Cd/m?. This difference can be attributed to the
lower conductivity of oCVD-PEDOT compared to ITO, which results in a lower charge diffusion.
Still, the oCVD PEDOT layer displayed higher work function of 5.1 - 5.4 V96! than that of ITO,
which was about 4.7 - 5.0 eV%2. An additional hole injection layer such as PEDOT:PSS is currently
used for smoothing ITO surface and to improve hole injection from the ITO anode to the HTL of
the OLED. Such HIL are coated from solvent solution and thermal annealing treatment is required
in order to effectively remove the residual solvent!*!5. Due to its high work function (WF)
combined with low surface roughness, the oCVD PEDOT thin layers can play the role of both
TCE as well as HIL within OLED structure. A comparative table of work functions extracted from
the literature for oCVD-PEDOT, solution-based PEDOT, and ITO thin film is presented in
Supplementary Table S7. In fact, the Commission Internationale de I’Energie (CIE) coordinates
are (0.15, 0.08), as shown in Figure 8a. Furthermore, under variation of applied current, the
measurements of CIE coordinates show that the chrominance of devices are stable (as shown in
Figure 8b&c), which would be benefit for applications on displays. These findings are promising
as a proof of concept and demonstrate the potential of oCVD PEDOT thin films as solvent-free
TCE for ITO-free OLED design. These thin films display high performance, surpassing

conventional OLED devices that necessitate the stacking of more than five layers>%93.
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Figure 8. (a). Corresponding emission colors on the CIE 1931 chromaticity diagram. and

variation of (b). CIE x, and (c). CIE y, with current for reference devices based on an ITO

electrode and those with an alternative oCVD PEDOT thin film-based electrode.

Table.1 Comparative study of a reference device based on ITO electrodes and an alternative

oCVD PEDOT thin film-based device.

Current . . Max CIE
. ] Luminance | Radiance R EQEmax/Current
Device Structure density (Cd/m?) | (W/Sr. m?) Wavelength | coordinates (%, mA)
(mA.cm?) ' (nm) () >
'gﬁﬁ;ﬁ:’;gi ;P)B' 63.78 0.61 436 (0.16, 0.10) 0.62/1
10
PED(ggﬁ ':':;/chgfgonr:)nqpm 72.13 0.86 436 (0.15, 0.08) 1.04/1
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4. CONCLUSION

In summary, this study demonstrates the suitability of the oCVD process for the deposition
of PEDOT thin films as an alternative to ITO electrodes in blue OLED devices. Furthermore, this
work investigates the effect of substrate temperature on film conductivity and optical transmittance
with an increase of both until an optimal value is reached at 170 °C, with a total transmittance of
97% for 8 nm-thick film in the visible range and conductivity exceeding 1600 S/cm. The changes
in the film properties of the conjugated polymer were mainly attributed to modifications in the
PEDOT molecular structure and chemical composition, as well as the increase in doping level.
This was demonstrated through Raman, FTIR, and XPS measurements, which revealed the
formation of more quinoid molecular units in the films. The aforementioned factors have
contributed significantly to an improved intra-chain charge transport. This was further aligned by
studying the film crystallinity using GIXRD and morphology through HRTEM, and AFM, which
showed that the PEDOT thin films are semi-crystalline, exhibiting a highly face-on orientation
with a smooth surface across different substrate temperatures. This is favorable as it promotes a
better percolation pathway and reduces the orientation anisotropy, leading to efficient charge
transfer along the PEDOT structure. Additionally, the hydrophilic and smooth surface of oCVD
PEDOT is suitable for OLED device fabrication, inducing lower recombination phenomena. A
proof of concept of deep blue OLED devices designed on glass substrates using oCVD PEDOT
thin films has been successfully demonstrated, resulting in luminance of 72.1 Cd/m? and radiance
of 0.86 W/Sr.m? with EQE of 1% and a stable color CIE of (0.15, 0.08). For the sake of comparison,

a reference device based on ITO as TCE was also developed, showing that the PEDOT thin film
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has slightly higher output performances in terms of luminance and radiance, with an increase of
8.35 Cd/m? and 0.25 W/Sr.m?, respectively. In addition, the EQE was increased by a factor of 1.7.
This highlights the potential of ocCVD PEDOT thin film as a promising alternative to ITO for large-

scale OLED devices and more widely for next-generation organic optoelectronic applications.
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