
 

 

ABSTRACT 

CARROLL, NICHOLAS MICHAEL. Experimental and Computational Investigation of Lateral 

Growth Mechanisms, Material Properties, and Feature Shape Evolution during Area-Selective 

Deposition of Polymeric and Metal Oxide Thin Films. (Under the direction of Dr. Gregory N. 

Parsons). 

 

The focus on aggressive downscaling of device features for advanced semiconductor 

fabrication has placed tremendous strain on the lithographic patterning techniques required to 

form metal-oxide-semiconductor field-effect transistor (MOSFET) structures. Presently, the 

industry is shifting from FinFET to gate-all-around FET (GAAFET) designs as 2 nm node 

technologies are ramped toward high-volume manufacturing (HVM). Thin film deposition 

techniques, including chemical vapor deposition (CVD) and atomic layer deposition (ALD), 

have served as pivotal device patterning steps for decades. Recently, area-selective deposition 

(ASD) has emerged as a new strategy for bottom-up, chemically self-aligned patterning during 

thin film deposition. Through this technique, material is preferentially deposited in a designated 

region while growth is avoided in an adjacent area. ASD has already seen industry adoption to 

selectively form thin cobalt (Co) capping layers via CVD on copper (Cu) interconnect lines to 

prevent electromigration while avoiding growth on adjacent low-k dielectric material. However, 

further mechanistic understanding is required to meet industry standards for integration in other 

high-impact areas, such as fully self-aligned vias (FSAV). 

This dissertation reports on recent experimental advancements in the understanding of the 

relationship between surface chemical treatments and selectivity behavior during ASD of the 

organic conjugated polymer poly(3,4-ethylenedioxythiophene) (PEDOT). New strategies to 

achieve flexible ASD behavior are discussed, including benchmark terminology and principles 

for selectivity inversion and dual-tone ASD. Particular emphasis is also placed on understanding 

subtleties in film growth behavior, including lateral ñmushroomingò leading to undesired over-



 

 

growth during processing. Additionally, physical property modifications of PEDOT are also 

reported to showcase its potential as a versatile masking material during plasma deposition and 

etching processes. Furthermore, the development of a novel computational environment for 

simulating ASD on patterned surfaces is discussed, and alterations to the operating assumptions 

for this system are examined to reveal similarities to experimental ASD. 

Chapter 1 includes a contextual outline of past and present innovations to transistor 

architectures in the semiconductor industry, a general discussion of relevant approaches to 

vapor-phase thin film deposition, and an assessment of computational modeling methodologies 

for these techniques. Chapter 2 contains descriptions of laboratory equipment and key analytical 

techniques utilized in this work. Chapter 3 investigates dual-tone ASD of PEDOT via selectivity 

inversion on Si/SiO2 patterns enabled by a carefully controlled surface treatment pathway that 

takes advantage of silane inhibitor chemistry. Chapter 4 expands on these discoveries by 

demonstrating the effects of thermal annealing and rinsing in DI H2O to manipulate the plasma 

etch resistance behavior of PEDOT thin films. In Chapter 5, a stochastic lattice deposition model 

for ALD and ASD of metal oxides is introduced, and the theory behind various behavioral 

modification parameters is discussed in comparison to published examples of ASD. In Chapter 6, 

a new version of the model is presented, demonstrating ASD on 3D patterned nanostructures and 

incorporating defectivity mechanisms at sub-lithographic pitch sizes to comment on the 

challenges of ASD process integration in advanced nodes. 
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Chapter 1: Introduction and Background 

1.1: Semiconductor Device Fabrication: Historical Overview and Discussion 

of Current and Future Transistor Architectures 

The birth of modern microelectronics can be traced back to 1948, when researchers at 

Bell Labs published their discovery of the point-contact transistor, ushering in a new era for 

applications in electronics.1 Later, in 1958, other researchers at Bell Labs published work 

describing the utilization of photolithographic techniques to form patterned features during 

transistor fabrication, pioneering one of the cornerstone methodologies for contemporary 

semiconductor device manufacturing.2 Jack Kilby then demonstrated the concept of an integrated 

circuit (IC) in 1959 through his work at Texas Instruments, paving the way for a wide range of 

additional components to be developed.3 These important milestones and others have shaped the 

world we live in today, generating unprecedented levels of global connectivity and data transfer 

through increasingly powerful consumer electronic products. 

In 1975, Gordon Moore famously predicted that the number of transistors on a 

complementary metal-oxide-semiconductor (CMOS) IC would double approximately every two 

years,4 a revision of his more optimistic 1965 prediction involving doubling every year.5 This 

prediction morphed into a guiding principle for the semiconductor industry known as Mooreôs 

Law. Mooreôs Law and Robert Dennardôs 1974 metal-oxide-semiconductor field-effect transistor 

(MOSFET) scaling guidelines6 drove the classical geometric scaling period, where feature sizes 

were shrunk according to specifications of successive nominal device ñnodes.ò As shown in 

Figure 1.1,7 the last of these was the 90 nm node, which was introduced to high-volume 

manufacturing (HVM) around 2003.8 After that time, post-Dennard equivalent scaling relied on 

advances in power consumption management via channel strain engineering to scale the  
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Figure 1.1. Historical overview of MOSFET scaling trends and associated transistor structure designs. 

(Adapted with permission from 7) 

equivalent oxide thickness (EOT) of high-k gate dielectric materials in conjunction with reduced 

gate length (LG) to enhance carrier conductance and drive down leakage currents. This paradigm 

persisted until the 22 nm node, which was released in 2011.9 

Eventually, field strength limitations prevented the continued scaling of singular, planar 

gate structures, motivating the transition to more complex architectures, such as the double-gate 

fin field-effect transistor (FinFET) and the subsequent triple-gate (tri-gate) transistor.10,11 

Optimizations to the FinFET design strategy met industry needs until as recently as early 2023 

for iterations of the 3 nm node. Continued performance demands necessitated further shrinking 

of gate electrode spacing, leading to the conceptualization of gate-all-around FET (GAAFET) 

structures consisting of wire or sheet channel electrodes surrounded entirely by gate dielectric 

material.12 This design serves as the current state-of-the-art MOSFET and has been phased into 

various iterations of the 3 nm node, with widespread integration expected in 2 nm node designs 
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currently being prepared for HVM.13 Future iterations of MOSFET technology are expected to 

rely on 3D stacking of alternating n-channel and p-channel transistor structures, known as a 

complementary FET (CFET) configuration.14,15 New material candidates are presently being 

investigated with enhanced performance at the nanoscale feature sizes required for this 

transition, such as carbon nanotubes (CNTs), two-dimensional materials (2DMs), and indium 

gallium zinc oxide (IGZO).16ï18 

 

1.2: Thin Film Deposition 

1.2.1: Thin Film Deposition in Semiconductor Applications 

In general, the term ñthin filmò is ascribed to layers of material with a total thickness 

between several atoms and several micrometers.19 Thin film deposition is a critical processing 

step for many applications, including sensing, energy storage, optics, and electronic devices.20 

The performance and characteristics of a thin film are governed by the combination of reactants, 

deposition technique, and operating conditions, as evidenced by the composition and structure of 

the resulting film. In semiconductor applications, thin film deposition is a ubiquitous process 

utilized for forming gate dielectrics,21ï23 isolation structures,24ï27 transistor spacers,28ï30 interlayer 

dielectrics,31ï34 electrical contacts,35ï38 barrier layers,39ï43 anti-reflective coatings,44ï47 etch stop 

layers,48ï51 and passivation layers,52ï55 among others. 

A wide variety of thin film deposition techniques have been developed using liquid-phase 

and vapor-phase media based on desired material properties and growth rates.56 When 

specifically discussing vapor-phase systems, these techniques have typically been classified into 

two major categories: physical vapor deposition (PVD) and chemical vapor deposition (CVD). 

PVD is accomplished by using heat or energized ions to transfer volatile material from a solid 
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target source to a desired substrate material. These techniques are often employed for depositing 

metals when a high deposition rate is more important than the uniformity or conformality of the 

film.57 By contrast, CVD deposits films via controlled chemical reaction processes, offering 

uniform coverage and precise composition. While PVD and CVD are both critical for 

semiconductor fabrication,58 additional background in the following sections will focus 

specifically on CVD techniques. 

1.2.2: Chemical Vapor Deposition (CVD) 

Chemical vapor deposition (CVD) utilizes continuous exposure of vapor-phase precursor 

molecules to carry out a sustained chemical reaction to deposit a thin film on a heated substrate 

surface. CVD benefits from the tunability of chemical reaction processing, enabling pure, highly 

conformal, structured films to be rapidly deposited.59 In general, some form of energy input is 

required to modify the chemical kinetics and carry out the reaction at a suitable rate to obtain the 

desired film characteristics. The most common examples of this are thermal (or conventional) 

CVD, plasma-enhanced CVD (PECVD), and photo-assisted CVD, although a growing body of 

research has explored the influence of magnetic and electric energy input.60  

As shown in Figure 1.2,59 CVD occurs through a series of elementary steps, beginning 

with mass transport of reactant gases into the chamber. The reactants may either react 

homogenously in the gas phase or directly adsorb to the substrate and diffuse across the surface 

before participating in a subsequent heterogeneous reaction. Propagation of this reaction leads to 

nucleation and coalescence, forming a continuous film. As the reaction proceeds, gaseous 

byproducts and unreacted species desorb and are purged from the reactor chamber. Growth 

continues until the supply of reactant gases to the chamber is ceased. Over time, CVD reactions 

have been classified based on precursors, additives, temperature, and general characteristics.61 
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Figure 1.2. Schematic illustrating the elementary steps of a CVD reaction. (Adapted with permission 

from 59) 

CVD has been adapted for many processing steps in semiconductor fabrication. For 

instance, polycrystalline silicon (poly-Si) has historically served as a reliable, cost-effective gate 

electrode deposited via low-pressure CVD (LPCVD).62,63 Similarly, silicon dioxide (SiO2) has 

seen extensive use as a gate dielectric deposited via LPCVD or PECVD,64ï68 although its role has 

shifted toward specific insulation and passivation layers in recent nodes due to the introduction 

of high-k gate dielectrics.69 Silicon nitride (Si3N4) is also a core material of fundamental 

importance that can be deposited via LPCVD or PECVD as a diffusion barrier layer, passivation 

layer, or component for gate dielectric stacks.70ï74 

1.2.3: Atomic Layer Deposition (ALD) 

Atomic layer deposition (ALD) is a specialized variant of CVD that is defined by 

complementary pairs of discrete, self-limiting half reactions carried out in a repeating cyclical 

sequence. This scheme provides ALD with several key benefits, including excellent conformality 

on complex 3D structures, superior step coverage, simplification of reaction kinetics, and 

angstrom-level thickness control.75 In general, the introduction of reactants to the substrate 

surface is carried out in brief, alternating precursor and co-reactant doses under constant inert 
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carrier gas flow, which each dose followed by a purge step to remove excess material from the 

reactor chamber. Temperature-dependent reactivity in ALD systems is often discussed in terms 

of the ñALD window,ò inside of which the growth rate is approximately constant. Outside of this 

window, growth rate variations can be observed due to insufficient activation energy, 

condensation, decomposition, or desorption.76 While most ALD systems are composed of binary 

reaction sequences involving two vapor-phase reactants, more complex doped, ternary, and 

quaternary systems have been developed for specific materials and applications of interest.77 

A general schematic representing a typical ALD process is shown in Figure 1.3.78 In this 

case, the canonical example of aluminum oxide (Al2O3) ALD using trimethylaluminum 

(Al(CH3)3, TMA) as a precursor and water (H2O) as a co-reactant on an initially hydroxyl (ïOH) 

terminated surface is shown as a model system. This is widely considered to be the most well- 

Figure 1.3. Schematic of an Al2O3 ALD cycle on an ïOH terminated starting surface using TMA as a 

precursor and H2O as a co-reactant. (Adapted with permission from 78) 
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known ALD reaction due to its consistent growth behavior,79,80 flexible range of operating 

temperatures and pressures,81,82 and the reasonable electrical insulation performance of the 

resulting Al2O3 film.83 The initial TMA dose promotes chemisorption via a ligand-exchange 

reaction with surface ïOH groups, forming primarily ïOAl(CH3)2 alongside some ïO2AlCH3 

with methane (CH4) gas as a byproduct.84 During the TMA dose, an equilibrium is reached 

where steric hinderance from relatively bulky adjacent methyl (ïCH3) ligands bonded to the 

surface prevents the complete consumption of all ïOH groups in a given ALD cycle, leading to a 

condition referred to as saturation.85ï87 Saturation necessarily dictates that a partial monolayer 

will form, even under ideal conditions, with this value ranging from 30-40% of a monolayer for 

Al 2O3 specifically.88 Importantly, once saturation is reached, continued dosing of TMA will not 

lead to further reaction with terminal ïCH3 groups. After a purge step to remove CH4 and 

unreacted TMA, the H2O dose promotes a hydrolysis reaction with the terminal ïCH3 groups, 

reforming the initial ïOH termination. An additional purge step is required for excess H2O and 

CH4, completing the ALD cycle. 

The level of precision afforded by ALD has positioned it for several key points of 

integration in semiconductor fabrication. The most noteworthy of these is high-k gate dielectrics, 

with HfO2 ALD in the Intel 45 nm node design from 2007 serving as the first mainstream 

example that transformed ALD from a laboratory technique into a process step in CMOS 

HVM.89 ALD of metal gate electrodes is also being integrated into contemporary device nodes, 

with processes for titanium nitride (TiN),90 tungsten (W),91 molybdenum (Mo),92 ruthenium 

(Ru),93 and cobalt (Co)94 under intense investigation. ALD of spacer materials during multi-step 

pattern transfer procedures to augment photolithographic patterning, such as spacer-defined 

double patterning (SDDP) using SiO2
95 or Al2O3,

96 has also garnered considerable attention. 
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1.2.4: Area-Selective Deposition (ASD) 

Area-selective deposition (ASD) encompasses a particular subclass of thin film 

deposition reactions (often CVD or ALD) where growth is promoted in a designated ñgrowth 

areaò and mitigated in an adjacent ñnon-growth area.ò As illustrated in Figure 1.4,97 ideal ASD 

leads to self-aligned thin film deposition on chemically distinct regions of a pre-patterned 

starting surface. In reality, unwanted nucleation in the non-growth area is eventually observed 

due to pre-existing surface defects, geometry-dependent nucleus stabilization, or generation of 

defect sites during processing.97 The selectivity required for ASD is most commonly achieved 

through selective passivation of the non-growth area using small molecule inhibitors (SMIs)98,99 

or self-assembled monolayers (SAMs).100,101 Other strategies leverage the inherent surface 

chemistry of the substrate materials,102 activation of particular surface regions,103 or 

incorporation of periodic etching steps to remove unwanted nuclei.104,105 Many classes of ASD 

systems have been investigated, including dielectric on dielectric,106 metal on metal,107 dielectric 

on metal,108 metal on dielectric,109 semiconductors,110 and organic materials.111 

Figure 1.4. Pictorial representation of ideal ASD (top) and ASD with defects (bottom) on an arbitrary set 

of pre-patterned growth (blue) and non-growth (gray) areas. (Adapted with permission from 97) 
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The primary figure of merit for an ASD system is the selectivity parameter, which can be 

calculated according to Equation 1.1: 

3 Ṃ                                                        (1.1) 

 

where S is the selectivity parameter, q1 and q2 are the surface coverage values in the growth and 

non-growth areas, respectively, and t1 and t2 are the film thicknesses in the growth and non-

growth areas, respectively. Film thickness is often substituted into the calculation due to the 

comparative difficulty of quantifying surface coverage, but this usually leads to an 

overestimation of the selectivity parameter.97,112 

ASD has become an increasing focus for potential semiconductor fabrication applications 

as a means to augment existing photolithographic patterning techniques through bottom-up 

chemical self-alignment during thin film deposition. ASD has already been adopted in recent 

CMOS device nodes for Co capping via CVD on copper (Cu) interconnect structures adjacent to 

low-k materials to prevent electromigration based on fundamental research by IBM and Applied 

Materials.113 Other opportunities for ASD integration, including fully self-aligned vias 

(FSAVs)114 and 2DM ASD,115 are under further study. 

 

1.3: Computational Modeling of Thin Film Deposition 

As thin film deposition techniques have become more targeted and sophisticated, interest 

in computational modeling to explain existing phenomena and predict new results has grown 

considerably. In general, computational modeling of thin film deposition can be classified based 

on the capability to address varying length and time scales. Density functional theory (DFT) 

methods simulate individual electronic interactions, limiting the system size to a few hundred 

atoms in the picosecond temporal regime, so they are generally utilized for individual molecular 
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interactions and energy barrier calculations for transition states.116 Molecular dynamics (MD) 

methods relax these electronic interactions in favor of empirical potentials, enabling a broader 

range of atomic motions and increasing the size to ~105 atoms and the timescale to the 

nanosecond range. Kinetic Monte Carlo (KMC) models are typically executed on a lattice 

coordinate system and further relax the complexity of molecular interactions, allowing them to 

operate with over 106 atoms on the minute timescale. A range of models with individual 

assumptions and relaxations are utilized at the microscopic and mesoscopic scales over longer 

timescales, including phase-field (PF), Monte Carlo (MC), level-set and geometrical models, 

computational fluid dynamics (CFD), and finite element methods.117 

As an established vapor-phase thin film deposition technique, many computational 

models have been developed for CVD. Accordingly, considerable effort has been directed 

toward multiscale modeling, in which several modeling methodologies at different length and 

time scales are united.116,117 A notable recent example discussed a coupled nano-meso-macro 

scale modeling system using a MD-PF-CFD framework for metal-organic CVD (MOCVD) of 

WSe2, a 2DM of interest for semiconductor device integration.118 Despite a comparatively 

smaller body of work that intensified in the early 2000s, ALD simulations have also advanced in 

recent years, with multiscale models becoming increasingly available as the semiconductor 

industry places a larger emphasis on process informatics and digital twins.119 However, 

computational modeling of ASD remains a challenge, with many examples primarily utilizing 

DFT to probe surface-inhibitor interactions.120 Only as recently as 2022 have researchers begun 

to explore length and time scale expansions of ASD modeling.121ï125 Moreover, frameworks are 

needed to address micro-scale trends that lead to lateral ñmushroomingò during ASD, such as 

lateral overgrowth, film profile evolution, and feature shape effects.111,126,127  
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Chapter 2:  Experimental Methods 

2.1: Film Deposition Reactor 

Atomic layer deposition (ALD) and chemical vapor deposition (CVD) reactions were 

carried out in a home-built, hot-walled, viscous-flow, stainless steel reactor with a cylindrical 

main chamber. A piping and instrumentation (P&ID) diagram of the reactor is shown in Figure 

2.1. The main chamber is attached to a flange with three inlet lines, each equipped with different 

chemical precursors. The precursor vessels are attached to manual ball valves (except H2O) and 

pneumatic diaphragm valves. A computer controls the flow of compressed air through pneumatic 

actuators, allowing for small pulses of a desired precursor to be introduced through the delivery 

lines and swept into the main chamber by inert N2 gas. By programming automated recipes in 

our custom Python reaction interface, ALD and CVD can be accomplished repeatably by 

precisely controlling the duration that each pneumatic valve remains open. A combination of 

pneumatic diaphragm valves and mass flow controllers (MFCs) regulate the flow of the N2 gas 

from a standalone gas cylinder. N2 gas is also sourced from the head space of a liquid N2 tank 

during the venting process. The reactor is equipped with a pressure release valve to avoid 

hazards from over pressurizing the chamber. 

A rotary vane pump enables the chamber to reach vacuum pressure (typical base pressure 

~25 mTorr) and facilitates the continuous flow of gases through the system. Sodasorb and 

activated charcoal filters are attached to the inlet side of the pump to neutralize hazardous gases 

before they are sent to the exhaust system for the building. The main chamber, exhaust line, 

delivery lines, and precursor vessels are heated resistively by heat tape connected to separate 

proportional-integral-derivative (PID) controllers that allow different zones to be heated to 

individual set points. A remote, capacitively coupled plasma system is incorporated into the 
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Figure 2.1. P&ID diagram of the vacuum reactor used for ALD and CVD. 

reactor via a quartz glass tube encircled by a copper coil positioned above the center of the main 

chamber. An additional MFC is present on the gas line attached to the plasma column to enable 

the flow of N2 gas for normal operation and O2 gas for plasma exposure. 

 

2.2: Film Deposition Procedure 

The general procedure for film growth processes depends on the desired growth 

technique. Before any reaction, the base pressure and leak-up rate of the chamber are measured 

to ensure that the chamber has been sufficiently purged of excess material from the previous 

process and to check for any unexpected leaks that may have been introduced since the last 
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diagnostic assessment. To load samples into the chamber, all pneumatic valves and manual 

valves associated with chemical precursors and N2 gas are closed, the clamp is removed from the 

door, and the manual valve on the vent line is opened to increase the pressure of the chamber to 

atmospheric pressure. Once the door is removed, a rod is used to retrieve the sample boat, and 

samples are positioned in the desired locations on the boat. Finally, the boat is inserted into the 

main chamber at the appropriate depth for the process of interest, the door is held in place while 

the pneumatic valve to the pump is opened, and the manual valve on the vent line is closed. Prior 

to starting a reaction, the samples are typically allowed to reach thermal equilibrium under N2 

flow for 30 minutes, at which point the base pressure and leak-up rate are checked again, and the 

temperatures of the various zones of the reactor are verified against their expected values via 

thermocouples attached to several locations in each zone. At this stage, the manual valves 

associated with the chemical precursors needed for the intended growth process are opened. 

For a CVD process, a typical recipe begins with a short initialization period under N2 gas 

flow to ensure that the reactor control software is working properly and that the chamber is in a 

stable state. Next, the pneumatic valves for the reactant and co-reactant are both opened 

simultaneously for a given deposition time (typically between 5 s and 30 s), depending on the 

desired film thickness and the extent of the selectivity window for area-selective deposition 

(ASD) processes. For example, poly(3,4-ethylenedioxythiophene) (PEDOT) CVD is achieved by 

dosing 3,4-ethylenedioxythiophene (EDOT) and antimony pentachloride (SbCl5) into the 

chamber together, leading to an oxidative polymerization reaction. For this reactor system, 

EDOT is stored in a flow-through bubbler vessel due to its comparatively low vapor pressure, 

while SbCl5 is dosed from a single-port vessel attached directly to the delivery line. The growth 

rate for this process is typically ~2-3 nm/s.1 
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For an ALD process, recipes once again begin with an initialization step under N2 gas 

flow. Afterward, the pneumatic valve associated with the first reactant is opened for a short 

period of time (typically between 0.1 s and 1.0 s). Next, the chamber is allowed to purge under 

N2 gas flow for between 30 s and 60 s, depending on the propensity of the reactant in question to 

saturate the chamber and adhere to the chamber walls. After the purge step, the co-reactant is 

dosed, and another purge step ensues. The two dose and purge steps form the basis for one ALD 

cycle and are thus repeated in sequence to achieve layer-by-layer film growth. Much like CVD, 

the total number of ALD cycles depends on the desired film thickness and the extent of the 

selectivity window for ASD processes. For instance, aluminum oxide (Al2O3) ALD is 

accomplished using trimethylaluminum (TMA) as the reactant and H2O as the co-reactant. In this 

case, TMA and H2O have relatively high vapor pressures, so neither vessel is heated, and both 

are attached directly to the delivery line in single-port vessels. The growth per cycle (GPC) for 

this process is typically ~1.1-1.3 Å/cycle.2 

 

2.3: Annealing Furnace 

The annealing furnace was used to modify PEDOT films after deposition by heating them 

to the desired temperature in a controlled manner under a specific atmospheric condition. A 

P&ID diagram of the annealing furnace is displayed in Figure 2.2. The main chamber is a 

cylindrical tube of quartz glass, and the central region is surrounded by an insulated heating 

manifold with an embedded PID temperature controller. The inlet line consists of a feed-through 

tube on the door flange. N2 gas is supplied from a liquid N2 tank, and the flow rate is controlled 

via an in-line variable area flow controller. An integral-bonnet needle valve is also present 

between the liquid N2 tank and the flow controller for better isolation of the line when the N2 
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Figure 2.2. P&ID diagram of the annealing furnace used for post-synthesis thermal modification of 

deposited thin films. 

flow is not required. The outlet line of the furnace contains a Convectron pressure gauge, a 

pressure relief valve, a needle valve for venting the chamber to atmospheric pressure, and a 

bellows valve that opens to the rotary vane pump attached to the system. As such, there are three 

atmospheric states that samples can be annealed under: air, vacuum, and continuous N2 gas flow. 

 

2.4: Ellipsometry 

Ex-situ ellipsometry was employed to measure the film thickness values after PEDOT 

CVD. As shown in Figure 2.3, ellipsometry utilizes a light source to emit electromagnetic 

radiation that is directed through a polarizer, giving it a known initial state.3 In this initial state,  
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Figure 2.3. Depiction of the key components of an ellipsometry measurement. A light beam reflects off a 

sample into a detector, and differences in polarization caused by the reflection are used to calculate 

optical properties. (Adapted with permission from 3) 

the polarized light can be decomposed into two components that are parallel and perpendicular to 

the plane of incidence. The electric field vector in this case oscillates in a single plane and 

follows a linear path, meaning that the light is linearly polarized. The polarized light then 

contacts the sample of interest at a certain angle of incidence, and some of the incident light is 

reflected, while another portion is refracted. The reflected portion is now in a new elliptically 

polarized configuration, such that the electric field vector follows an elliptical path as the 

constituent waves oscillate in two perpendicular planes with different amplitudes. At this stage, 

an analyzer polarizes the light again and sends it to a detector. The detector determines the ratio 

of the amplitudes of the parallel and perpendicular components of the light beam, as shown in 

Equation 2.1: 

ʍ  (2.1) 
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where Rp is the amplitude in the parallel direction and Rs is the amplitude in the perpendicular 

direction. This ratio can be expressed using the following relationship in Equation 2.2 to 

determine the ellipsometry parameters of interest: 

ÔÁÎɰ Å  (2.2) 

where Ɋ is the amplitude of the ratio and ȹ is the shift in the phase. These two parameters can 

then be fitted to a model that describes the optical properties of a film, such as the thickness and 

refractive index. Single wave ellipsometry (SWE) uses light at one fixed wavelength, while 

spectroscopic ellipsometry (SE) uses a light source with a spectral range of wavelengths. SE has 

the advantage of greater flexibility to measure many sets of Ɋ and ȹ values to iteratively carry 

out least-squares regression while calculating optical properties. This procedure also accounts for 

defects such as roughness and strain in the films.4 

 

2.5: Goniometry 

Goniometry was used to measure the relative surface energy of blanket Si and SiO2 

wafers after undergoing various surface treatments in order to correlate the obtained water 

contact angles with PEDOT CVD selectivity performance. To understand the theory behind 

using a water contact angle as a means to measure surface energy, we must first consider the 

generalized scenario where a liquid droplet is placed onto a solid surface in the presence of a 

surrounding vapor medium, as shown in Figure 2.4.5 In this case, an interfacial surface tension is 

present at the boundaries between the solid, liquid, and vapor phases. Because the droplet is 

static and not changing shape, Youngôs equation maintains that the three interfacial tension terms 

must be balanced according to Equation 2.3: 

ɾ ɾ ɾÃÏÓʃ π (2.3) 
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Figure 2.4. Diagram showing a liquid droplet deposited onto a solid surface in a surrounding vapor 

medium. Arrows are shown indicating the balance of interfacial surface tension contributions for the 

solid, liquid, and vapor phases. (Adapted with permission from 5) 

where ɔSV is the interfacial tension between the solid and vapor phases, ɔSL is the interfacial 

tension between the solid and the liquid phases, ɔ is the interfacial tension between the liquid and 

the vapor phases, and qYoung is the contact angle between the solid and the inside of the droplet. 

Following this equation, surfaces with a high ɔSV tend to exhibit low contact angles and are 

referred to as ñhigh-energy surfaces.ò Conversely, surfaces with a low ɔSV are likely to display 

high contact angles and are correspondingly classified as ñlow-energy surfaces.ò Understanding 

the energetic nature of a surface has many implications in fields where the localized bond 

termination plays a strong role, including applications in thin films and coatings research.5,6 

 

2.6: X-Ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was used to probe the surface state of Si 

substrates after surface termination treatments and to understand the effects of thermal annealing 

and plasma exposure on PEDOT thin films. XPS is a powerful analytical technique in which the 

top portion (average measurement depth of 2-6 nm) of a sample is irradiated with X-rays, as 

shown in Figure 2.5.7 The energy imparted by the X-rays causes valence and core electrons to be  
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ejected via the photoelectric effect. Accordingly, an energy conservation equation can be written 

following the general form of Equation 2.4: 

Èʉ % % ה  (2.4) 

where h is Planckôs constant, ɜ is the frequency of the photons from the X-ray source, Ebinding is 

the binding energy of the ejected electron relative to its chemical potential, Ekinetic is the kinetic 

energy of the ejected electron, and ◖spectrometer is the work function of the spectrometer. Once the 

kinetic energy of an ejected electron is known, Ebinding can be determined, and the electron can be 

classified, indicating what elements are present in the material and what elements are bound to 

one another. By tilting the sample over a controlled range of angles during irradiation, the 

emission depth of the electrons can be modified, leading to a sub-category of analysis known as 

angle-resolved XPS (ARXPS). Using this method, a depth profile can be collected that indicates 

the concentration profiles of different species in the material.8 

Figure 2.5. Pictorial representation of the process of collecting XPS data. X-rays irradiate the surface of a 

sample, and an analyzer measures the kinetic energy of the ejected electrons to calculate their binding 

energies. (Adapted with permission from 7) 
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2.7: X-Ray Reflectivity (XRR) 

X-ray reflectivity (XRR) was used to determine the density of PEDOT thin films after 

annealing and to corroborate their thickness values with SE data. When incident X-rays from a 

known source come into contact with a thin film deposited onto a sample surface, some of the X-

rays are reflected from the surface of the film, and others are reflected at the interface between 

the film and the substrate. As shown in Figure 2.6, these X-rays can be filtered through a series 

of input and output optics and directed to a detector to examine the deviation in the reflected 

intensity of the waves.9 The resulting XRR curve consists of a series of oscillations known as 

Kiessing fringes, which are caused by interference between the two modes of reflection. Thicker 

films have shorter periods of oscillation, and denser films have higher amplitudes of oscillation 

(assuming the substrate material is unchanged). Thus, a model can be constructed from a 

theoretical layer structure to generate reference values for the thickness, density, and interface  

Figure 2.6. Illustration of a typical XRR equipment configuration. Filtered X-rays reflect off the surface 

of a sample, and a detector interprets changes in the reflected intensity to generate reflectivity data. 

(Adapted with permission from 9) 
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roughness. Experimental data can be fitted to an appropriate model by minimizing the residual 

difference between the measured and calculated reflectivity data, yielding the desired physical 

properties. Importantly, XRR measurements must be conducted at a grazing angle in order to 

maximize the reflected intensity. For a given material, a critical angle qc exists that marks the 

transition between total reflection of the incident X-rays away from the film surface and 

refraction of the incident X-rays into the film. When the incident angle is equal to qc, X-rays 

propagate parallel to the surface of the film.10 

 

2.8: Fourier-Transform Infrared (FTIR) Spectroscopy  

Fourier-transform infrared (FTIR) spectroscopy was utilized to study the chemical 

bonding modes present in PEDOT films before and after thermal annealing treatments and O2 or 

N2 gas plasma exposure. As depicted in Figure 2.7, incident IR radiation is passed through a 

beam splitter to fixed and movable mirrors before recombining, leading to either constructive or 

destructive interference.11 A portion of the resulting beam is passed through the sample of 

interest to a detector, generating a collection of many interferograms that are added and 

converted via Fourier transform to transmittance or absorbance data that can be plotted against 

wavenumber values. Importantly, the constituent functional groups of different materials will 

generate dipole moments that lead to characteristic absorbance behavior at the same general 

wavenumber values. In this way, a particular substance can be repeatably identified by 

categorizing the observed modes in its IR spectrum. Note that certain materials, such as pure 

metals, cannot be detected through FTIR, as IR radiation does not generate a significant dipole 

moment due the nature of the bonding structure.12 
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Figure 2.7. Diagram depicting the major components of an FTIR spectrometer. Incident IR radiation is 

passed through a pair of mirrors before recombining to pass through a sample of interest and into a 

detector, generating interferograms that can be turned into output data via Fourier transform. (Adapted 

with permission from 11) 

 

2.9: Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) was used to collect high-resolution images of 

PEDOT thin films and confirm their composition before and after annealing treatments. 

Fundamentally, TEM passes electrons from a source through a series of lenses before passing 

through a sample to impact a detector and generate an image. The diagram in Figure 2.8 shows a 

typical instrument arrangement for scanning TEM (STEM) mode, where electrons are focused to 

a thin probe to scan points on a sample.13 As the electrons from the beam interact with atoms in 

the sample, they are scattered both elastically and inelastically. Elastic scattering scales more 
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Figure 2.8. Diagram of the lenses, sample, and detector for STEM imaging. Electrons are emitted by a 

source, focused through lenses to form a thin probe, and scanned across a sample, and the scattering of 

these electrons is detected and used to generate an image. (Adapted with permission from 13) 

intensely with atomic number (Z) than inelastic scattering.14 In this way, high-angle annular 

dark-field (HAADF) STEM uses an annular detector to collect highly scattered electrons, leading 

to an imaging signal where contrast is determined by Z. Thus, materials can be visually 

differentiated by their chemical differences. An energy-dispersive X-ray spectroscopy (EDS) 

detector can also be included to study elemental composition. By exposing the surface of the 

sample to high-energy electrons, inner shell electrons can be knocked out. To fill this vacancy, 

an electron will migrate from a higher energy level, emitting an X-ray with a specific energy that 

can be detected and categorized to generate an elemental map from regions across the sample.15 
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3.1: Abstract 

Area-selective deposition (ASD) has recently emerged as a promising augmentation to 

lithographic patterning of small device features. However, current ASD processes are restricted 

to pre-defined growth and non-growth surfaces, limiting their flexibility in industrial processing. 

In this work, we define the concept of ñdual-tone ASDò, where a patterned surface is tuned to 

enable ASD on either one of two adjacent surfaces while avoiding growth on the other surface. 

For the example case in this work, starting with ASD of poly(3,4-ethylenedioxythipohene) 

(PEDOT) conjugated polymer on SiO2 vs. hydrogen-terminated silicon (Si-H), we demonstrate a 

method to modify a patterned Si-H/SiO2 surface to invert the selectivity, enabling PEDOT to 

grow selectively on the modified Si region and not on the modified SiO2. The selectivity 

inversion was achieved by selective modification of the substrate surface energy via treatments 

with dilute hydrofluoric acid (DHF), (dimethylamino)trimethylsilane (DMATMS), and water. 

Versatile control over selectivity configurations during ASD has implications for deposition of 
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lateral control layers to reduce over-growth defects, blocking layers for non-selective deposition 

steps, and sacrificial layers for recently reported simultaneous deposition and etching processes. 

Through this study, we identify generalized requirements for selectivity inversion as a patterning 

strategy in the ASD toolbox, and we show how this strategy is consistent with previous reports 

of ASD on metal-dielectric patterned surfaces. Extension of these surface energy treatment 

strategies to other materials will  provide additional opportunities for selectivity inversion, 

leading to flexible applications for ASD in manufacturing settings. 

 

3.2: Introduction 

For more than five decades, photolithography has served as a foundational patterning 

technique for the development of nanoscale features from blanket metal and dielectric films 

during electronic device fabrication. However, continued downscaling of device features has 

threatened to slow the transistor density projections made by Mooreôs Law.1 Presently, process 

nodes as small as 3 nm (corresponding to smallest feature pitch sizes of 24 nm) are being tested 

at the forefront of academia and industry, which necessitates a continued transition from 

lithography based on deep ultraviolet (DUV) light sources at a wavelength of 193 nm to new 

processes leveraging extreme ultraviolet (EUV) light at 13.5 nm.2,3 Accordingly, developing new 

classes of light sources and photoresist materials is a key challenge for the future of the 

semiconductor industry. Efforts to implement EUV lithography into more process nodes are 

ongoing but have been complicated by the source power required to maintain high throughput, 

reticle cleanliness defects, the high capital cost of the required equipment, and the time needed to 

research new EUV photoresist materials.4,5 Furthermore, at such a small size scale, the potential 

for alignment and critical dimension errors has become a core concern.6ï8 Consequently, new 
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advanced patterning techniques are needed to augment existing photolithography. As a result, 

area-selective deposition (ASD) has garnered considerable attention in academic research in 

recent years and is already being implemented in various layers of industrial device patterning 

processes.9,10 

ASD generally proceeds by allowing deposition on a desired ñgrowthò region while 

minimizing deposition in an adjacent ñnon-growthò region.2,11ï19 ASD is of considerable interest 

to augment lithographic patterning, but new strategies are needed to leverage its usefulness. An 

important target of ASD is control over surface selectivity, including selectivity inversion of a 

deposition reaction to manipulate two arbitrary patterned surfaces to display either growth or 

non-growth behavior. 

Several previous studies demonstrate the concept of selective passivation and de-

passivation steps on patterned surfaces to control selectivity. For instance, Si-H/SiO2 patterned 

surfaces have been prepared using two different passivation steps. Passivating the SiO2 by an 

octadecyltrichlorosilane (ODTS) self-assembled monolayer (SAM) allows ASD of HfO2 on Si-H 

vs. passivated SiO2. Similarly, the Si-H region can be passivated by 1-octadecene 

hydrosilylation, permitting Pt ASD on SiO2 vs. inhibited Si-H.16 Starting with patterned SiO2/Cu 

surfaces, orthogonal SAM passivation has been demonstrated where dodecanethiol (DDT) first 

protects the Cu. This passivation is known to allow ASD of ZnO on SiO2 vs. passivated Cu.20 

After DDT adsorption on Cu, the exposed SiO2 can be passivated with 

octadecyltrimethoxysilane (OTMS), and a heat treatment selectively removes the DDT, thereby 

enabling ASD of ZnO and Al2O3 on Cu vs. SiO2.
21 

In this article, we present a means for selectivity control where we start with an 

inherently selective process and demonstrate ñinverted ASD,ò where a treatment process 
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switches the patterned growth and non-growth surfaces to non-growth and growth surfaces, 

respectively, for the same ASD material. Further, we use these findings to more generally 

describe the concept and process requirements for ñdual-toneò ASD, shown schematically in 

Figure 3.1, providing new capability for ASD integration and implementation. Traditionally, the 

term ñdual-toneò has been applied to photoresist materials that can function with either positive-

tone or negative-tone patterning behavior, depending on exposure and developing conditions.22 

Here, ñdual-tone ASDò is defined as the ability to manipulate the surface state of two arbitrary 

adjacent materials A and B to selectively deposit on A and not on B, or selectively deposit on B 

and not on A.  

For the example described here, the original starting pattern consists of SiO2 lines on 

silicon, where after treating the Si/SiO2 substrates in dilute (5%) HF solution (DHF), chemical 

vapor deposition (CVD) of poly(3,4-ethylenedioxythiophene) (PEDOT) proceeds on the SiO2 

growth region, and nucleation is inherently delayed in the Si-H non-growth region.23 We 

describe a sequence of treatments to modify the patterned Si-H/SiO2 surface so that PEDOT 

deposits preferentially on the modified Si-H vs. the modified SiO2. The feasibility of this result is 

first demonstrated on blanket Si and SiO2 wafers through interfacial surface energy data 

quantified via water contact angle (WCA) measurements at different stages of the treatment 

strategy. We find that the contact angle difference between the two surfaces after a given 

treatment can indicate successful nucleation or inhibition during ASD. We also measured 

PEDOT thickness on blanket wafers and compared growth behavior to an analytical ASD model, 

with results matching previously published data for PEDOT.23 The treatment strategy was 

extended to Si/SiO2 patterned substrates, showing successful ASD of ~40 nm in both selectivity 

configurations. 
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Figure 3.1. Top: starting Si-H/SiO2 patterned sample showing Si-H and Si-OH termination on the Si and 

SiO2 regions, respectively. Bottom-left: ñinherent selectivityò from 15 s PEDOT CVD after DHF treatment, 

leading to ~40 nm PEDOT ASD on SiO2 with only trace nucleation on the Si-H region. Bottom-right: 

ñinverted selectivity,ò where the SiO2 is passivated, and the Si-H is selectively oxidized to enable ~40 nm 

PEDOT ASD on the original Si-H region without deposition on the original SiO2 region. 

The ability to deposit PEDOT in opposite selectivity configurations provides a unique 

opportunity to tailor the resulting ASD layer to any desired patterning application. As a result, 

PEDOT can perform the same functions as a small molecule inhibitor (SMI) or SAM but has 

additional benefits, such as tunable thickness and enhanced chemical resistance. For example, 

recent work demonstrated that PEDOT ASD on SiO2 generates a suitable non-growth layer for 

tungsten ASD to proceed on Si-H vs. PEDOT, and that PEDOT simultaneously functions as a 

blocking layer to limit lateral growth of tungsten out of the Si-H region.24 Furthermore, 

selectivity inversion can be used to gain insight into the differences in surface and material 

dependencies on lateral overgrowth and eventual feature shape development as deposition 

proceeds. Based on the data in this work, we find that properties inherent to the deposition 

Inverted
Selectivity

Inherent
Selectivity
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material of interest and the surface energy of the adjacent non-growth surface contribute to how 

lateral growth will occur. 

The general strategy for successfully achieving selectivity inversion poses several 

requirements. First, the sample must possess an initial configuration of growth and non-growth 

surfaces that promote ASD. Next, a step or sequence of steps must be identified to passivate (or 

de-activate) the original growth surface and activate (or de-passivate) the original non-growth 

surface. Ideally, these surface conversions would be accomplished in parallel in one step, but 

multiple steps in series may be required. Importantly, the modification steps must be chemically 

orthogonal or mutually compatible, so that the passivation and activation reactions occur locally 

only in the desired regions, without substantially affecting the adjacent surface region. Through 

this strategy, the original surfaces have switched their deposition performance, and selectivity 

inversion occurs. 

In the following sections, we demonstrate a methodology to achieve selectivity inversion 

starting with the inherently selective ASD of PEDOT on SiO2 vs. Si-H.23 We then identify a 

surface modification sequence to invert selectivity, so growth becomes favored on the modified 

Si-H surface with growth minimized on the modified SiO2. We also examine the influence of the 

non-growth surface termination on the shape and extent of lateral ñmushroomò growth. Finally, 

we combine our findings on selectivity inversion with results of previous studies and provide a 

framework to include selectivity inversion as a general scheme in the ñASD toolbox.ò2 
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3.3: Experimental Methods 

3.3.1: Reactor Design and Reaction Sequence 

PEDOT CVD was performed in a home-built, isothermal, hot-walled, viscous-flow 

reactor. The reaction chamber consisted of a cylindrical stainless-steel tube ~18 cm long with an 

inner diameter of ~4 cm. A substrate holder with a length of ~10 cm and width of ~2.5 cm was 

placed slightly off-center in the chamber near the gas inlet flange. The reactor temperature was 

150 °C for all runs, and heating was supplied resistively by proportional-integral-derivative 

(PID) controllers. A rotary vane pump (Pfeiffer Adixen Alcatel 2012A, 19 m3/h) filled with 

hydrocarbon oil maintained the low pressure in the reactor. Activated charcoal and sodasorb 

filters (Mass-Vac Inc.) were attached to the inlet side of the pump. The N2 flow rate was 

maintained at 65 standard cubic centimeters per minute (sccm) using mass flow controllers, 

which corresponded to a working pressure of ~450 mTorr during CVD. An attached computer 

system actuated pneumatic diaphragm valves to control N2 and reactant flow. The precursor 

vessels were directly attached to ports on gas delivery lines adjacent to the reaction chamber, 

which were maintained at 80 °C. EDOT was located in a bubbler vessel with a temperature set 

point of 60 °C. SbCl5 was heated to 30-35 °C in a stainless-steel vessel, depending on the desired 

growth rate of PEDOT. These conditions led to pressure increases of ~10 mTorr for EDOT and 

~10-20 mTorr for SbCl5 when dosed individually. For the PEDOT CVD reaction, EDOT and 

SbCl5 were dosed simultaneously through separate gas delivery lines with independently 

adjustable N2 flow. Before the reaction, the samples were allowed to reach thermal equilibrium 

in the reactor chamber for 30 min under N2 flow. 

DMATMS exposure was performed in a separate home-built, isothermal, warm-walled, 

viscous-flow reactor described previously.25 A home-built sample holder was used to suspend 
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the substrates in the center of the cylindrical chamber parallel to the gas flow and heat them to 

250 °C during DMATMS dosing. The system was heated resistively using variac variable 

transformers at constant set points that corresponded to the desired temperatures. The reactor 

chamber was maintained at 160 °C, DMATMS was kept in a stainless-steel ampoule at room 

temperature, and the gas delivery lines were held at 60 °C. The working pressure of the reactor 

under ~80 sccm N2 flow was ~500 mTorr, and the dosing sequence for DMATMS exposure was 

DMATMS/N2 for 1/35 s. A needle valve was attached at the outlet of the DMATMS vessel and 

was adjusted to throttle the release of DMATMS vapor such that the measured pressure change 

from a 1 s dose was ~100 mTorr. Before DMATMS dosing, the samples were allowed to reach 

thermal equilibrium in the reactor chamber for 60 min under N2 flow. 

Before substrates were loaded into either reactor, 50 cycles of Al2O3 ALD were 

performed with trimethylaluminum (TMA, 98%, Strem Chemicals) and DI water to condition the 

chambers. The ALD sequences for Al2O3 consisted of TMA/N2/H2O/N2 for 0.1/60/0.1/60 s at 

150 °C, which led to 6.6 ± 0.2 nm of Al2O3 growth on blanket Si-OH wafers. 

3.3.2: Deposition and Inhibition Reactants 

The CVD reactants were Antimony pentachloride (SbCl5, 99%, Alfa Aesar) and 3,4-

ethylenedioxythiophene (EDOT, 99%, Acros Organics). The inhibition reactants were aqueous 

hydrofluoric acid diluted to 5% (v/v%) (DHF, TraceMetal Grade, Fisher Scientific) and N,N-

Dimethyltrimethylsilylamine (DMATMS, 97%, Thermo Fisher Scientific). All chemicals other 

than HF were used as received without further purification or dilution. The materials were 

transferred into stainless steel vessels inside of a glovebox purged with nitrogen gas. Nitrogen 

gas (N2, 99.999%, Arc3 Gases) was used as received as a reactant carrier and purge gas without 

further purification. 
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3.3.3: Deposition Substrates 

Approximately 1 cm x 1 cm coupons of silicon (boron-doped Si (100), 8-12 ɋ·cm, Pure 

Wafer) and silicon dioxide (100 nm thermally grown SiO2 on boron-doped Si (100), Pure Wafer) 

were prepared for blanket deposition experiments. Line-patterned Si/SiO2 samples with half-

pitches of ~200 nm and ~500 nm and Si line heights of ~20 nm were provided by industry 

collaborators. Prior to deposition, all blanket and patterned wafers were cleaned in heated 

piranha solution (1:1 H2SO4:H2O2 by volume) for 30 min, rinsed in DI water for 30 s, and dried 

with N2. DHF treatments were carried out immediately before the substrates were used for 

experimentation in order to minimize contamination and formation of a surface oxide layer. DHF 

treatment time was limited to 5 s in order to reduce SiO2 etching on the Si/SiO2 patterned 

substrates. 

3.3.4: Sample Characterization 

PEDOT film thickness on blanket substrates was measured by ex-situ spectroscopic 

ellipsometry (SE, Ŭ-SE Ellipsometer, J.A. Woollam). The incidence angle of the measurements 

was 70°, and the spectral range was 300-900 nm. Biaxial b-spline models, transmission data, and 

multi-sample analysis were incorporated into the measurements to correct for the known optical 

anisotropy of PEDOT.26 A minimum of 3 sites were measured on each sample to reduce 

variability. 

Water contact angle (WCA) measurements and images of water droplets on blanket 

wafers were obtained by depositing 50 ɛL of DI water onto the wafer surface using a 

micropipette and measuring the resulting contact angle using a goniometer with an attached 

camera system (goniometer, ramé-hart). A minimum of 5 contact angle measurements were 

performed for each sample to reduce variability. 
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Cross-sectional images of PEDOT ASD on blanket and patterned substrates were 

obtained through scanning electron microscopy (SEM, FEI Verios 460L) with a voltage of 2 kV 

and current of 13 pA. Thickness measurements were obtained directly from the integrated 

measurement feature on the microscope, and a minimum of five measurements were taken at 

each imaging location on each sample to reduce variability. SEM thickness measurements were 

within 5 nm of SE measurements, depending on the total thickness of the deposited film. 

The lateral growth profiles of PEDOT ASD on patterned Si/SiO2 substrates were 

characterized using cross-sectional scanning transmission electron microscopy (STEM). An 

electron-transparent cross-sectional lamella of the TiO2/Si electrode after electrochemical 

cycling was prepared by means of focused ion beam milling (FIB, FEI Quanta 3D FEG). Before 

milling, a 15 µm x 4 µm Pt strip with a thickness of 150 nm was deposited using a 5 kV electron 

beam. On top of that, an additional 2 µm of Pt was deposited using a 30 kV liquid Ga+ ion beam 

to protect the underlying cross section from ion beam damage. After performing bulk milling, the 

lamella was welded to a Cu half TEM grid. Then, the 10 µm x 10 µm lamella was milled down 

to a final thickness of <50 nm. Cross-sectional TEM studies were conducted in high-angle 

annular dark field (HAADF) scanning mode STEM using a 200 kV probe-corrected TEM system 

(FEI Titan 80-300 TEM) equipped with Super-X energy dispersive X-ray spectrometry (EDS) 

for elemental mapping. 

Interactions between DMATMS and Si-H surfaces were characterized using X-ray 

photoelectron spectroscopy (XPS, Kratos Analytical Axis Ultra) with an Al KŬ (1486.6 eV) gun. 

Peak positions were calibrated by referencing the adventitious C 1s peak to 284.8 eV. 
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3.4: Results and Discussion 

3.4.1: Selectivity Inversion on Blanket Substrates 

Beginning with separate starting samples of Si with native oxide (referred to as ñSi 

sampleò) and Si with 100 nm thermal SiO2 (ñSiO2 sampleò), we tested chemical modification 

steps to first form the inherently selective surfaces, then invert the selectivity. The water contact 

angle (WCA) was used to probe changes in each sample after each modification treatment. First, 

the samples were treated with: 1) piranha cleaning for 30 min; and 2) submersion for 5 s in dilute 

(5%) HF (DHF). Resulting images of water droplets and corresponding WCA on each sample 

are shown in Figure 3.2. After piranha cleaning, both samples are relatively hydrophilic, with 

WCA < 30°, consistent with the expected Si-OH surface termination.27 After DHF, the SiO2 

sample remains hydrophilic. A decrease in WCA from ~30° to ~10° is ascribed to the creation of 

additional -OH surface sites. For the Si sample, DHF treatment converted the surface from 

hydrophilic to hydrophobic (WCA º 65°), consistent with the removal of the chemical oxide and 

production of a hydrogen-terminated Si-H surface.27 As shown below, after steps 1 and 2, the Si 

and SiO2 samples are inherently selective for PEDOT ASD on SiO2 vs. Si. 

Several pairs of Si and SiO2 samples were identically prepared by steps 1 and 2 above, 

and two treatment sequences were evaluated to create the inverted selectivity. Samples were 

treated by ñsequence Aò including: 3A) exposure to liquid DI H2O for 1 h and drying with N2; 

and 4A) exposure to 15 s of DMATMS vapor at 250 °C. Other samples were treated with 

ñsequence Bò consisting of: 3B) 15 s DMATMS vapor exposure; and 4B) 1 h liquid DI H2O 

exposure and drying in N2. Steps 3 and 4 in sequence A and B are the same but were performed 

in a different order. In our discussion, sequence A consists of steps 1, 2, 3A, and 4A, and 

sequence B includes steps 1, 2, 3B, and 4B. 
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Step Treatment Si-H WCA (Á) SiO2 WCA (Á) 

1 Piranha 11 Ñ 6 28 Ñ 4 

2 DHF 66 Ñ 6 11 Ñ 6 

- DHF + Heat* 60 Ñ 6 14 Ñ 5 

3A DHF + H2O 65 Ñ 7 6 Ñ 4 

3B DHF + DMATMS 72 Ñ 7 78 Ñ 7 

4A DHF + H2O + DMATMS 78 Ñ 5 80 Ñ 7 

4B DHF + DMATMS + H2O 48 Ñ 5 76 Ñ 7 

*ñHeatò indicates that the sample was heated for DMATMS 
treatment without dosing DMATMS 

 
Figure 3.2. (a) Images of water droplets deposited on Si and SiO2 samples after pre-deposition surface 

treatments in sequence A. (b) WCA data corresponding to the images in (a). (c) Images of water droplets 

on Si and SiO2 samples after pre-deposition surface treatments in sequence B. (d) WCA data 

corresponding to the images in (c). 

Control samples were prepared for the DMATMS exposure process by carrying out the 

DHF dip step followed by heating at the inhibition reaction temperature of 250 °C without 

dosing the DMATMS vapor. After the heat treatment, the SiO2 sample was hydrophilic, and the 

Si sample was hydrophobic. These results match those obtained after the DHF dip step, 
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indicating that the heating associated with the DMATMS exposure process had a negligible 

effect on the surface termination of the samples. 

Consider first the change in WCA that occurs during sequence A, shown in Figure 3.2a-

b. For the SiO2 sample, step 3A (liquid DI H2O) maintains the hydrophilic surface, and 4A 

(DMATMS vapor) converts the surface from hydrophilic to hydrophobic. The hydrophobic 

surface is consistent with the formation of trimethylsilane surface termination (SiO2-TMS) when 

DMATMS reacts with surface -OH sites.28,29 For the Si sample, step 3A maintains the starting 

hydrophobic surface, indicating that the liquid DI H2O did not substantially oxidize the Si-H 

surface. Step 4A then produces a slight increase in hydrophobicity, with WCA º 75°. This small 

change may be due to DMATMS reacting with a small number of Si-OH sites, or due to some 

physisorption of DMATMS on the Si-H surface.30 

The changes in WCA for both surfaces during sequence B are shown in Figure 3.2c-d. 

For the SiO2 sample, step 3B (DMATMS vapor) converts the surface from hydrophilic to 

hydrophobic, consistent with SiO2-TMS termination. Then, step 4B (liquid DI H2O) leads to 

minimal change. For the Si sample, step 3B leads to minimal change, then step 4B changes the 

surface from hydrophobic to hydrophilic, with a substantial decrease in WCA from ~75° to ~45°. 

Here we note an interesting observation. In both sequence A and B, the Si sample was 

exposed to liquid DI H2O (step 3A and 4B). After step 2 (DHF dip), exposing the Si sample to 

DI H2O (step 3A) caused no change in the WCA, whereas exposing the Si to the same liquid DI 

H2O (step 4B) after step 3B (DHF and DMATMS vapor) led to a large decrease in WCA. This 

suggests that exposing Si-H to DMATMS helps promote more rapid silicon hydroxylation during 

the subsequent liquid DI H2O exposure. 
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After each treatment, the Si samples were also measured by ex-situ XPS after ~3h of air 

exposure. As shown in Figure S3.2, the DHF-treated sample (after step 2) showed the smallest 

amount of oxidation, but as expected, the air exposure led to visible Si-O on all samples. 

To observe how the surface energy influences film nucleation and growth, PEDOT CVD 

was carried out on Si and SiO2 blanket samples treated using steps 1-4 in sequences A and B. On 

a typical receptive SiO2 surface, 15 s of PEDOT CVD produces a uniform coating of ~40 nm, as 

shown in Figure 3.3a. However, after completing sequence A, PEDOT was deposited for 15 s, 

and spectroscopic ellipsometry indicated that the film thickness on Si and SiO2 samples was 11.5 

± 0.9 nm and 7.4 ± 6.7 nm, respectively. The thickness values and relatively large thickness 

variability across the surface are consistent with inhibited nucleation on both sample surfaces. 

This is also consistent with results in Figure 3.2a-b showing that treating Si and SiO2 samples 

with sequence A produces the same WCA on both surfaces, and therefore, we conclude that 

sequence A is not a viable pathway for selectivity inversion. 

PEDOT CVD was studied on SiO2 and Si samples following sequence B. Figure 3.3a-b 

displays the results for PEDOT thickness measured via spectroscopic ellipsometry vs. CVD time 

on blanket SiO2 and Si samples, respectively, after each step in sequence B. The dashed lines are 

fitting curves generated from an analytical model of nucleation and film growth during ASD.31 

As shown in Figure 3.3a, deposition occurs readily on the SiO2 sample after the piranha cleaning 

and DHF dip steps, but the growth becomes inhibited after the DMATMS exposure step and 

remains inhibited after the DI H2O soak. Results in Figure 3.3b show that deposition is favorable 

on the Si sample after piranha cleaning (consistent with Si-OH termination) and becomes 

unfavorable after the DHF dip step (consistent with Si-H termination).23 Deposition remains 

unfavorable after DMATMS exposure but becomes favorable again after the DI H2O soak step. 
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Figure 3.3. PEDOT film thickness vs. CVD time for (a) SiO2 and (b) Si samples after each treatment step 

in sequence B. Thickness data on SiO2 and Si samples after steps 2 (c) and 4B (d) are replotted together to 

illustrate the selectivity windows in these steps. (e) Selectivity vs. thickness in the inherent and inverted 

selectivity configurations compared against previous PEDOT CVD work.23 All dashed lines are fitting 

curves generated by an analytical ASD model described previously.31 
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As mentioned above, the Si sample is first prepared by 1) piranha cleaning for 30 min; 

and 2) 5s submersion in DHF, producing a hydrophobic surface. Then, following sequence A, 

exposing the Si sample to liquid DI H2O (step 3A) maintains the hydrophobic surface 

termination, and it remains hydrophobic after the subsequent DMATMS vapor treatment (step 

4A). This hydrophobic surface is expected to inhibit polymer CVD. For sequence B, the Si 

sample remains hydrophobic after the DMATMS vapor treatment (step 3B). However, after 

liquid DI H2O exposure (step 4B), the surface converts from hydrophobic to hydrophilic, making 

this surface receptive to PEDOT CVD. Therefore, sequence B is expected to provide a path for 

inverted ASD. 

The thickness data on the SiO2 and Si samples after the DHF dip step from Figure 3.3a-b 

are replotted in Figure 3.3c to illustrate the selectivity window in the inherent selectivity 

configuration. High selectivity is maintained for this process up to 15 s CVD time. Similarly, 

data from the SiO2-TMS and Si-OH surfaces after the DI H2O soak step in Figure 3.3a-b are 

replotted in Figure 3.3d to emphasize the selectivity window in the inverted selectivity 

configuration. This configuration also exhibits high selectivity for PEDOT CVD up to 15 s 

reaction time. Figure 3.3e compares the calculated selectivity values of the inherent and inverted 

selectivity configurations in this work with previously reported data.23 Although the formal 

definition of selectivity involves comparing the thermodynamic driving forces for nucleation on 

the growth and non-growth surfaces31,32, a reasonable estimate can be obtained by comparing the 

measured film thickness values on both surfaces: 
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Where S is the selectivity, q1 is the surface coverage on the growth surface, q2 is the 

surface coverage on the non-growth surface, t1 is the film thickness on the growth surface, and t2  
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is the film thickness on the non-growth surface. Note that the substitution of thickness values 

into the selectivity equation will always generate a larger value for S when compared to the 

surface coverage formula. The data points in Figure 3.3e were calculated using the film  

thicknesses, and the results indicate that the inverted and inherent configurations 

displayed comparable selectivity performance for PEDOT CVD with film thicknesses up to 

approximately 100 nm. Previous results from this process showed better selectivity, which is 

attributed to the decrease in DHF dipping time from 30 s to 5 s, as described in the experimental 

section.23 Overall, the blanket wafer deposition results support the hypothesis that sequence B is 

favorable to achieve selectivity inversion for dual-tone ASD of PEDOT on Si and SiO2 

substrates. 

Figure 3.2b and Figure 3.2d illustrate substantial differences in the WCA in each step 

within sequence A and B. These differences and the blanket CVD results in Figure 3.3 above 

indicate a correlation between WCA and nucleation behavior. As indicated by the color gradient, 

the more hydrophilic surfaces are expected to be more favorable for PEDOT nucleation and 

growth.23 

3.4.2: ASD on Patterned Substrates 

Due to effects related to loading and feature geometry, selectivity results obtained on 

large blanket surfaces do not always translate to small features on patterned surfaces.2 Based on 

the blanket results shown above, Figure 3.4 shows the expected results if pattern-dependent 

mechanisms are negligible. 

In order to fully characterize the PEDOT selectivity inversion treatment pathway 

described earlier in sequence B, PEDOT CVD was carried out on patterned Si/SiO2 substrates to 

demonstrate the potential for dual-tone ASD in this system. Figure 3.5 shows the resulting cross- 
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Figure 3.4. The starting substrate consists of Si/SiO2 line-space structures. The piranha cleaning process 

in step 1 leads to the formation of a chemical oxide layer with hydroxyl termination on Si and SiO2. In 

step 2, DHF dipping forms an Si-H non-growth surface. PEDOT CVD on this surface leads to ñinherent 

selectivity,ò with ASD on SiO2 vs. Si-H. In sequence A, liquid DI H2O exposure in step 3A has a 

negligible effect on the surface, and DMATMS vapor exposure in step 4A forms TMS termination on 

SiO2. Si-H and SiO2-TMS both function as passivated surfaces, so PEDOT CVD in this ñpassivatedò 

configuration leads to trace nucleation. In sequence B, the DMATMS vapor exposure in step 3B occurs 

immediately after the DHF dip. Afterward, liquid DI H2O exposure in step 4B hydroxylates the Si 

surface, producing a favorable Si-OH growth surface for PEDOT. Thus, PEDOT CVD leads to ñinverted 

selectivity,ò with ASD on Si-OH vs. SiO2-TMS. 

sectional scanning electron microscope (SEM) images when PEDOT CVD is performed at each 

step in the treatment pathway to observe the evolution in surface selectivity over time. Figure 

3.5a-b show the as-received patterned substrate as well as the state of the patterns after steps 1 

(30 min piranha cleaning) and 2 (5 s DHF submersion). Based on previous etch rate 

measurements, the brief DHF exposure will etch the SiO2 features by ~3-5 nm. In Figure 3.5c,  



   

53 

 

Figure 3.5. (a) As-received Si/SiO2 patterned substrate. (b) Si/SiO2 patterned substrate after steps 1 (30 

min piranha cleaning) and 2 (5 s DHF submersion). (c) Non-selective deposition from 15 s PEDOT CVD 

after step 1. (d) Selective deposition from 15 s PEDOT CVD after step 2, leading to ~40 nm PEDOT 

growth on SiO2 with only trace nucleation on Si-H. (e) Inhibition on two surfaces from 15s PEDOT CVD 

after 15 s vapor-phase DMATMS exposure in step 3B, leading to trace nucleation on SiO2 and Si-H. (f) 

Inverted selectivity from 15 s PEDOT CVD after 15 s vapor-phase DMATMS exposure followed by 1 h 

selective hydroxylation via submersion in DI H2O in step 4B, leading to ~40 nm PEDOT growth on Si-

OH with only trace nucleation on SiO2. 

PEDOT CVD was performed on the patterned substrate after step 1, resulting in ~40 nm of 

PEDOT film deposited conformally across the entire surface. Figure 3.5d shows ~40 nm 

PEDOT ASD on SiO2 vs. Si-H after step 2, which is consistent with previous results.23 In Figure 

3.5e, only trace nucleation is observed on both surfaces when PEDOT CVD is carried out after 

DMATMS vapor exposure in step 3B, with a slightly higher concentration of nuclei in the 

boundary region between the surfaces. Finally, Figure 3.5f displays PEDOT CVD on the Si/SiO2 

patterns after the 1 h DI H2O soak in step 4B, leading to ~40 nm of PEDOT ASD clearly visible 

in the Si region, with no significant nucleation visible on SiO2. In this case, full inversion of the 

surface selectivity has been achieved. 
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To confirm the high selectivity of PEDOT ASD in the inherent and inverted selectivity 

configurations, bright-field (BF) transmission electron microscope (TEM) images and scanning 

transmission electron microscope energy dispersive X-ray spectrometry (STEM-EDS) maps 

were gathered on the Si/SiO2 patterned samples from Figure 3.5d-f, and the results are shown in 

Figure 3.6. Figure 3.6a shows the SEM image from Figure 3.5d to highlight the region of 

interest for TEM imaging of the inherent selectivity configuration. In Figure 3.6b, the resulting 

TEM image is shown, confirming the gradual tapering and eventual termination of the PEDOT 

film from the SiO2 surface into the Si-H surface. The STEM-EDS map in Figure 3.6c confirms 

that the characteristic S elemental signal for PEDOT (indicated by red coloring) is isolated  

Figure 3.6. (a) Selective deposition from 15 s PEDOT CVD after 5 s DHF submersion in step 2, leading 

to ~40 nm PEDOT growth on SiO2 with only trace nucleation on Si-H. (b) TEM image of the highlighted 

region in image (a), showing tapering lateral growth of PEDOT from SiO2 onto Si-H. (c) STEM-EDS 

elemental map showing uniform distribution of PEDOT along SiO2 with no significant concentration on 

Si-H. (d) Inverted selectivity from 15 s PEDOT CVD after 15 s vapor-phase DMATMS exposure 

followed by 1 h selective hydroxylation via submersion in DI H2O in step 4B, leading to ~40 nm PEDOT 

growth on Si-OH with only trace nucleation on SiO2. (e) TEM image of the highlighted region in image 

(d), showing tapering lateral growth of PEDOT from Si-OH onto SiO2. (f) STEM-EDS elemental map 

showing uniform distribution of PEDOT along Si-OH with no significant concentration on SiO2. 
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exclusively in the SiO2 patterned region. In Figure 3.6d, the SEM image from Figure 3.5f is 

reproduced to show the TEM imaging area for the inverted configuration. Figure 3.6e shows the 

clear tapering and termination of PEDOT growth from the Si-OH region into the SiO2-TMS 

region. Figure 3.6f shows the red S signal present only on the Si region of the substrate, 

supporting the SEM data above for inverted selectivity. Thus, TEM imaging and STEM-EDS 

mapping further support the success of treatment pathway B in generating a dual-tone ASD 

system. 

3.4.3: Inversion Mechanism and Lateral Growth 

The mechanisms driving the selectivity inversion results in Figures 3.5-3.6 largely 

depend on the surface state after each treatment step. As shown by the WCA measurements, the 

chemical oxide layer produced by the piranha cleaning process in step 1 is a high-energy surface, 

making it favorable for PEDOT CVD on both patterned surfaces. After the DHF dip in step 2, 

the high selectivity of PEDOT to SiO2 vs. Si-H is ascribed to the chlorination of the Si-H surface 

by SbCl5 that initially delays the polymerization reaction from occurring.23 The nucleation 

behavior after DMATMS vapor exposure in step 3B is attributed to the generation of a system 

with two low energy non-growth surfaces: SiO2-TMS and Si-H. We suspect that the increased 

nucleus concentration at the feature edge in Figure 3.5e is caused by the inability to sufficiently 

passivate the rough (i.e., non-linear) edges of the transition region with either hydrogen 

termination or TMS termination. Furthermore, the non-uniformity of this region provides 

additional defect sites for precursor molecules to adsorb, increasing the likelihood of nucleation 

to initiate. 

The inverted selectivity after H2O soaking in step 4B is ascribed to the selective, 

catalyzed hydroxylation of the Si surface in DI H2O after the DMATMS vapor exposure in step 
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3B to produce a Si-OH vs. SiO2-TMS patterned surface. As noted above, the selectivity in the 

inherent configuration is ascribed to reduction of SbCl5 on Si-H, thereby slowing the rate of 

oxidative polymerization on that surface.23 The SbCl5 could also be deactivated by chlorination 

of the methyl groups in the trimethylsilane termination layer. Accordingly, the surface treatments 

in sequence B for blanket wafers (described in the previous section) led to successful dual-tone 

ASD of PEDOT on Si/SiO2 patterned substrates with high selectivity. 

The contact angle between the tapering film and the underlying substrate in each case can 

be used to quantitatively compare the lateral growth behavior. Figure 3.7a-b show an analysis of 

lateral overgrowth for PEDOT ASD on SiO2 vs. Si-H, where the film contact angle with the 

substrate was ~40°.23 This is similar to the case of Figure 3.7c, where PEDOT ASD on SiO2 vs. 

Si-H in this work also led to a contact angle of ~40°. This result suggests that the substrate 

geometry plays a minimal role in the type of lateral overgrowth that is observed as the film 

begins to coat the non-growth surface. Figure 3.7d shows the case of inverted selectivity, where 

the film contact angle was ~30°. This data indicates that the surface energy of the non-growth 

substrate and the material properties of the deposition material itself play a role in determining 

the shape and extent of lateral overgrowth. 

 

3.5: Framework for Selectivity Inversion and Dual-Tone ASD 

As noted in the introduction, inverting an established ASD process requires a step or 

sequence of steps to passivate (or de-activate) the original growth surface and activate (or de-

passivate) the original non-growth surface, where the sequence allows each reaction to occur in 

the desired regions without affecting the adjacent region. Ideally, the inverted selectivity should 

be comparable to that obtained in the original configuration. 
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Figure 3.7. Analysis of lateral overgrowth for different cases of PEDOT ASD: (a) SEM image of 

PEDOT on SiO2 vs. Si-H patterned wafers. (Adapted with permission from 23) (b) Pictorial representation 

of image (a), showing a film contact angle of approximately 40°. (c) Pictorial representation of Figure 

3.6b, showing a contact angle of approximately 40° for PEDOT ASD on SiO2 vs. Si-H. (d) Pictorial 

representation of Figure 3.6e, showing a contact angle of approximately 30° for PEDOT ASD on Si-OH 

vs. SiO2-TMS in the inverted selectivity configuration. 

For the inversion of PEDOT ASD shown here, the initial Si-H/SiO2 pattern is inherently 

selective for PEDOT ASD on SiO2 with limited growth on Si-H. The SiO2 can be passivated by 

DMATMS vapor, and the Si-H can be activated via oxidation in DI H2O. The extent of 

selectivity in each case is comparable (Figure 3.3e). As shown above, the SiO2 passivation by 
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DMATMS vapor must come before Si-H activation by oxidation in DI H2O. The reaction 

sequence is important because performing the Si-H oxidation first makes the surface uniform, 

whereas performing the passivation first allows the Si-H to oxidize while maintaining the SiO2 

passivation. For this selectivity inversion, a starting inherent surface undergoes two chemically 

orthogonal treatments (passivation and oxidation) to enable one ASD material (in this case, 

PEDOT CVD) to be deposited in two configurations, making it a ñdual-tone ASDò process. 

Other examples of tunable ASD configurations can also be considered. For example, Si-

H/SiO2 patterned surfaces (like those shown above) can also enable ASD of HfO2 by using 

ODTS to passivate SiO2 and allow HfO2 to grow on the Si-H region.16 An ñinvertedò 

configuration can likewise be attained using 1-octadecene hydrosilylation to passivate the Si-H 

surface, enabling Pt ASD on SiO2. XPS and Auger electron spectroscopy (AES) were used to 

confirm the comparable selectivity for both processes. For this example, the initial selectivity 

was achieved by passivation, and an orthogonal passivation enabled a different ASD material to 

be deposited in the inverted configuration. This orthogonal passivation scheme would also likely 

work for a single material in both selectivity configurations. 

Another example involves orthogonal passivation of a Cu/SiO2 surface, where Cu was 

first passivated with DDT, followed by passivation of SiO2 with OTMS.21 In this case, analogous 

to the case shown above for the inversion of PEDOT ASD, the sequence of the surface 

modification steps was important for successful selectivity inversion. If the patterned Cu/SiO2 

surface is first exposed to OTMS, both regions become passivated, disabling ASD. However, if 

the Cu/SiO2 is first exposed to DDT, only the Cu becomes passivated. Then, exposing the sample 

to OTMS allows the OTMS to react only on the SiO2 region. A gentle heat treatment then 

selectively removes the DDT, yielding an inverted configuration for ZnO and Al2O3 ASD, with 



   

59 

 

selectivity >0.9 for deposition of 5.6 nm of ZnO and 1.5 nm of Al2O3, respectively. In a separate 

study, 20 ASD ZnO and Al2O3 have been reported on SiO2 vs. Cu where the Cu is passivated by 

DDT. Therefore, like the PEDOT inversion shown here, the orthogonal OTMS/DDT passivation 

scheme on Cu/SiO2 is a viable example of dual-tone selectivity inversion for a single ASD 

material. 

 

3.6: Conclusions 

Dual-tone ASD of PEDOT with high selectivity was demonstrated on SiO2 vs. Si-H and 

on Si-OH vs. SiO2-TMS. The relative interfacial surface energy of the Si and SiO2 blanket 

surfaces was studied using WCA measurements after each treatment step in two pathways: 

sequence A and sequence B. The results indicated that the order of the DMATMS vapor 

exposure and liquid DI H2O soaking steps has a significant impact on the surface state of the 

substrates. The DMATMS vapor exposure catalyzed the subsequent hydroxylation of Si-H 

during sequence B, which is attributed to either adsorbed DMATMS molecules or reaction with 

isolated -OH groups on the surface. PEDOT CVD on blanket wafers further supported these 

observations, displaying favorable selectivity for growth in the inverted configuration after the 

treatments in sequence B. Using these results, the expected selectivity and surface termination on 

Si/SiO2 patterned substrates during each treatment step was discussed for both sequences. SEM 

and TEM images as well as STEM-EDS mapping confirmed that sequence B leads to ~40 nm of 

PEDOT ASD on Si-OH vs. SiO2-TMS with selectivity inversion from the inherent selectivity 

configuration of SiO2 vs. Si-H. 

The ability to manipulate the surface selectivity of PEDOT allows for new applications in 

selective passivation for sensitive patterning steps. Furthermore, the concept of dual-tone ASD 
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can be extended to other processes for direct patterning of critical layers on desired substrate 

regions. For instance, a similar surface treatment strategy could be adapted from the inherently 

selective ASD system in this study to an inhibited ASD system, such as a metal-dielectric 

patterned surface. A generalized set of requirements for selectivity inversion has been presented 

in this work to expand the ASD toolbox. These findings will enhance the versatility and 

flexibility of ASD systems, allowing for easier integration into existing process flows. 
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3.9: Supporting Information 

3.9.1: Nucleation Model Background 

The analytical model for nucleation and growth during area-selective deposition (ASD) 

has been discussed and utilized in previous work to gain insight on the expected selectivity 

between a given pair of growth and non-growth surfaces. The model generates trends in film 

thickness vs. deposition cycle (for ALD/MLD) or deposition time (for CVD) that can be fitted to 

experimental data to draw generalized conclusions about the nucleation site characteristics of 

different surfaces. The parameter ' is defined in the model as the increase in film thickness per 

deposition cycle [nm/cycle] (for ALD/MLD) or per deposition time [nm/s] (for CVD). This 

deposition is assumed to be independent of the growth direction and remains constant on a 

growth surface. For the SiO2 and Si-OH growth surfaces in this work, ' represents the slope of 

the linear region on a plot of PEDOT thickness vs. CVD time. Growth is assumed to begin on the 

non-growth surface at nucleation sites that are either initially present or generated during 

deposition. The model defines two fitting parameters of interest to describe nucleation: . 

represents the initial density of nucleation sites on a surface [sites/nm2], and . denotes the rate at 

which nucleation sites are generated [sites/nm2 cycle] (for ALD/MLD) or [sites/nm2 s] (for 

CVD). Another model parameter that is important for fitting is the incubation time vd [cycles] 

(for ALD/MLD) or [s] (for CVD), which describes the number of cycles that elapse before the 

nuclei generation rate initiates. 

On the non-growth surface, the model describes nucleation during deposition in terms of 

hemispheres with radii that increase at a rate of ' per unit cycle. The nuclei grow and coalesce 

according to the Avrami formalism, yielding data for surface coverage vs. cycle (for ALD/MLD) 

or time (for CVD). The volume of deposited material is obtained by integrating the surface 
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coverage curve, and dividing this volume by the surface area of the substrate generates a value 

for the film thickness. 

3.9.2: Model Fitting Results 

To start the fitting process, ' is determined by examining the linear region on a plot of 

PEDOT film thickness vs. CVD time generated from empirical data on a growth surface. To 

modify the curve shape, . or . can be tuned until the curve provides a reasonable fit to the data. 

The analysis in this work was simplified by fixing . = 0 and varying . with an appropriate vd 

value that accounts for any observed nucleation delay. The curve fitting can be accomplished by 

adjusting . or . independently, but a detailed mechanistic analysis of nucleation would require 

additional data collection and model iteration that is beyond the scope of this work. 

PEDOT film thickness was measured on planar substrates via spectroscopic ellipsometry 

(SE) after the surface treatments described in sequence B, and the results are shown in Figure 

3.3. Table S3.1 lists the ', ., and vd values used to generate the fitting curves in each case. 

 

 

Table S3.1. Model fitting parameters for plots in Figure 3.3. 

Figure Treatment Step ἑ (nm/s) Ἒ (sites/nm2 cycle) vd (s) 

3.3a  

(SiO2 Sample) 

1. Piranha 3.00 6.0 x 10-4 0 

2. DHF 3.20 6.0 x 10-4 0 

3B. DMATMS 3.20 6.5 x 10-7 0 

4B. H2O 2.25 1.4 x 10-5 30 

3.3b 

(Si Sample) 

1. Piranha 2.45 3.0 x 10-3 0 

2. DHF 3.20 9.0 x 10-6 15 

3B. DMATMS 3.20 2.0 x 10-6 0 

4B. H2O 2.25 5.0 x 10-3 15 
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Figure S3.1. Conformal PEDOT growth with a thickness of ~50 nm from 15 s CVD on a patterned 

Si/SiO2 substrate after a modified version of treatment sequence B with an extended DI H2O exposure 

step of 3 days. 
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Figure S3.2. XPS spectra of (a) Si 2p, (b) O 1s, (c) C 1s, and (d) N 1s regions for Si samples after steps 2 

(DHF dip), 3A (DI H2O exposure), 3B (DMATMS vapor exposure), and 4B (DMATMS vapor exposure 

+ DI H2O exposure). (e) Zoomed in version of (a) with corresponding WCA measurements for each 

treatment step.  

66± 6°
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Chapter 4: Plasma Etch Resistance Switching of oCVD Poly(3,4-

Ethylenedioxythiophene) Thin Films via Mild Thermal Anneal and 

Liquid Water Exposure to Manipulate Antimony Incorporation  
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4.1: Abstract 

Thin, conformal poly(3,4-ethylenedioxythiophene) (PEDOT) films are rapidly deposited 

on Si and SiO2 via oxidative chemical vapor deposition (oCVD) using heated monomer and 

SbCl5. While this conjugated polymer has previously been reported as a candidate for hybrid 

optoelectronic device applications, it has also been recently demonstrated as a patterning 

material during area-selective deposition (ASD) processes to augment lithographic patterning. In 

this work, we extend the versatility of PEDOT by demonstrating the ability to dramatically 

change the rate of film etching during plasma exposure. While as-deposited films etch rapidly in 

O2 plasma and CHF3/Ar reactive ion etching (RIE), we find that after a mild 5 min anneal at 350 

°C, the etch rate decreases by a factor of 30. Then, after annealing, we surprisingly find that 

rinsing the films for 10 min in DI H2O at 80 °C allows them to return to their original rapid-etch 

condition. The anneal step reduces film thickness, increases density, and leads to an increase in 

the relative concentration of Sb remaining from the SbCl5 oxidant used during deposition. High-

mailto:gnp@ncsu.edu
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angle annular dark-field (HAADF) imaging indicates that the Sb remains highly concentrated on 

the surface after annealing and etching. Under CHF3/Ar RIE conditions, the etch selectivity for 

SiO2 relative to the annealed films exceeds 40:1, which is larger than many other polymeric and 

dielectric hard masks. These results position PEDOT as a favorable ASD patterning material and 

plasma hard mask polymer. 

 

4.2: Introduction 

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a versatile, conductive conjugated 

polymer that boasts broad commercial use in certain organic electronic application areas, 

including organic light-emitting diodes (OLEDs) and organic photovoltaics (OPVs).1ï4 PEDOT 

excels in these applications due to its high electrical conductivity, exceptional stability in air and 

water, stability across a wide pH range, and visible transparency.5ï8 Because PEDOT arranges 

itself in a conjugated bond structure, the polymer backbone is rigid and enables -́orbital overlap, 

which contributes to the overall chemical and thermal stability of the material.9 Furthermore, 

polymer chains in the PEDOT structure participate in -́stacking, allowing for hole mobility that 

heightens conductivity.10 

Initially, the synthesis approach developed for PEDOT involved chemical oxidative 

polymerization of the monomer 3,4-ethylenedioxythiophene (EDOT) in an acetonitrile solution 

using FeCl3 as an oxidant.11,12 The resulting PEDOT powder was insoluble in most solvents, 

making it difficult to process into a film for coating applications. This problem was eventually 

addressed by the addition of poly(styrenesulfonate) (PSS) as a stabilizing dopant in aqueous 

solution, yielding colloidal solutions referred to as PEDOT:PSS.13 However, spin-coated 

PEDOT:PSS films suffered from device corrosion issues, conductivity reduction from the 
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insulating PSS shell surrounding PEDOT units, and incompatibility of different substrate 

materials with the necessary wet chemical techniques.14ï16 

As interest in PEDOT coatings increased over time, new synthesis techniques were 

reported to broaden applicability. Researchers began pre-treating substrate surfaces with ferric 

salts, a solvent, and a reaction inhibitor, such as pyridine, followed by EDOT vapor exposure.17ï

19 These nanoscale films had high conductivity, light transmittance, and crystallinity. 

Furthermore, the liquid pre-treatment more effectively mitigated side reactions and allowed for 

micro-patterning based on pre-treatment location. The first reported oxidative chemical vapor 

deposition (oCVD) of PEDOT utilized FeCl3, EDOT, and pyridine in a vacuum system.20 This 

vapor-phase process required no solvent or pre-treatment steps and reduced the dependence of 

kinetics on mixing and wetting effects. Additionally, vapor deposition allows for conformal 

coating of various substrates, including porous materials and fibers. Further synthesis 

optimization was achieved via molecular layer deposition (MLD) of PEDOT using sequential, 

isolated doses of MoCl5 and EDOT vapor.21 PEDOT MLD generated films with impressive 

conductivities and highly textured crystallinity with precise, layer-by-layer thickness control 

without inhibitors or additives. Additional studies also optimized PEDOT oCVD by introducing 

liquid oxidants, such as SbCl5 and VOCl3.
22 

Many contemporary reports have focused on PEDOT as an electrically conductive 

organic thin film for hybrid optoelectronic device applications, demonstrating electrical 

conductivity values as high as 7520 ± 240 S cmī1.23 However, PEDOT has also recently been 

studied as a candidate to assist in the formation of nanoscale patterned features during 

semiconductor device manufacturing.24 As device feature sizes continue to downscale, traditional 

lithographic patterning technologies are facing increasingly stringent demands, with continued 
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adherence to Mooreôs Law remaining in question.25 Current focus is directed toward the 3 nm 

node, which boasts projected pitch sizes as small as 24 nm.26 Testing and production of 

technologies leveraging variations of this device layout are well underway in academia and 

industry. Accordingly, photolithography has shifted to extreme ultraviolet (EUV) patterning 

technologies, which utilize light at a wavelength of 13.5 nm.27 However, process integration of 

EUV has proven challenging due to the need for new photoresist materials, high equipment 

capital cost, and increased potential for alignment and critical dimension errors at the highly 

reduced size scale.28ï32 As such, area-selective deposition (ASD) has been increasingly 

investigated as an augmentation to existing lithographic patterning.33,34 ASD exploits chemical 

differences between surfaces to promote deposition in a desired ñgrowthò region while 

mitigating deposition in an adjacent ñnon-growthò region.27 Given the restrictive specifications 

on new device layouts, new strategies and continued optimizations of ASD are necessary to 

achieve its full potential. 

Several recent reports have featured PEDOT as an ASD patterning material. For instance, 

PEDOT MLD and oCVD were assessed using EDOT and SbCl5 on SiO2 vs. Si-H to determine 

favorable conditions for ASD.35 During MLD, a growth rate of 0.32 nm/cycle was observed, and 

~35 nm was deposited at 90% selectivity. However, a growth rate of 3.2 nm/s was observed for 

oCVD, and the thickness at 90% selectivity was ~55.4 nm. These results were translated to line-

patterned Si-H/SiO2 substrates, yielding >30 nm of highly selective PEDOT ASD with lateral 

ñmushroomò growth tapering from SiO2 into the Si-H region. Another report demonstrated 

ñdual-material orthogonal ASDò by carrying out PEDOT oCVD on SiO2 followed by W atomic 

layer deposition (ALD) on Si-H.24 The order of the deposition steps was pivotal, as performing 

W ALD first on Si-H leads to subsequent blanket deposition of PEDOT on SiO2 and W. 
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Performing PEDOT ASD first covers SiO2 with a non-growth surface for W ALD, enabling 

ASD on Si-H. An additional study found that the selectivity of PEDOT ASD can be inverted on 

Si-H/SiO2 surfaces, such that PEDOT deposits selectively on Si and not on SiO2.
36 This 

inversion was accomplished by passivating SiO2 using (dimethylamino)trimethylsilane 

(DMATMS) and de-passivating Si-H using DI H2O. Once again, the order of the process steps 

was crucial, as the process required DMATMS exposure to occur prior to DI H2O submersion. 

The term ñdual-tone ASDò was defined to refer to one set of adjacent surfaces being utilized for 

the same deposition process with opposite selectivity configurations, enhancing ASD versatility 

and flexibility. 

Achieving deep, selective etching of SiO2 is an ongoing challenge for many areas, 

including micro-electro-mechanical systems (MEMS),37 integrated memory devices,38 

microfluidics and lab-on-chip technologies,39 precision optics,40 and semiconductor dielectric 

and packaging processes.41 Often, a hard mask material is deposited on particular areas of the 

surface, and operating conditions are carefully tuned to etch exposed SiO2 with minimal effect 

on the hard mask for processing steps such as shallow trench isolation to define active regions on 

a transistor device.42 The effectiveness of a hard mask material can be quantified as an etch 

selectivity ratio denoting the amount of SiO2 etched per unit of hard mask etching. Recent hard 

mask materials for deep SiO2 etching include Si3N4, TiN, Ru, W, Al, Al2O3, AlN, Ni, amorphous 

carbon, poly(methyl methacrylate), and photoresist.43ï53 Continuous improvement of masking 

materials and etching processes is required for next-generation technologies.37 

In this work, we evaluate post-synthesis annealing treatments for nanometer-scale 

PEDOT films deposited via oCVD at 150 °C using EDOT monomer and SbCl5 oxidant on 

blanket Si and SiO2 substrates. After a mild anneal under N2 flow at 250 °C or 350 °C, the 
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PEDOT polymer bonding structure becomes progressively degraded. X-ray reflectivity (XRR) 

data indicates that a portion of the film volatilizes, and the remaining film densifies. 

Furthermore, scanning transmission electron microscopy (STEM) and X-ray photoelectron 

spectroscopy (XPS) indicate that the relative concentration of the Sb constituent imparted by the 

SbCl5 oxidant increases during annealing. As a result, the annealed films exhibit robust 

resistance to subsequent etching under remote capacitively coupled plasma (CCP) using O2 and 

N2 gases. The etch resistance can be tuned, with rapid etching (tens of nm/s) observed if no 

annealing is performed, a reduction in etch rate of ~50% after annealing at 250 °C, and robust 

resistance to etching after annealing at 350 °C. We observe via XPS that the Sb content remains 

stable through continued O2 plasma etching; however, a brief rinse in DI H2O removes Sb, re-

enabling rapid etching for clean film stripping. These results were extended to CHF3/Ar reactive 

ion etching (RIE), leading to an etch selectivity of 41:1 for SiO2 compared to films annealed at 

350 °C for 5 min in N2. Thus, annealing PEDOT films enables new flexible pathways for 

selective masking during plasma deposition and RIE steps. 

 

4.3: Experimental 

4.3.1: Deposition and Etching Reactants 

Antimony pentachloride (SbCl5, 99%, Sigma-Aldrich) and 3,4-ethylenedioxythiophene 

(EDOT, 97%, Sigma-Aldrich) were utilized for PEDOT oCVD. Trimethylaluminum (TMA, 

98%, Strem Chemicals) and deionized water (DI H2O) were utilized for Al2O3 ALD as a means 

to condition the deposition chamber between oCVD reactions. DI H2O for conditioning and 

PEDOT film rinsing was obtained from an ultraviolet water purification and deionization system 

(Dracor Water Systems). Nitrogen gas (N2, 99.99999%, ARC3 Gases) sourced from compressed 
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gas cylinders was used as a carrier gas, purge gas, coupon drying gas, and N2 plasma gas for 

oCVD and plasma exposure, while nitrogen gas sourced from a liquid nitrogen tank (N2, 

refrigerated industrial liquid nitrogen, ARC3 Gases) was utilized for venting the deposition 

reactor and as a nitrogen atmosphere in the annealing furnace. Oxygen gas (O2, 99.99999%, 

ARC3 Gases) was used to generate O2 plasma. All chemicals and gases were used as received 

without further purification or dilution. SbCl5 and EDOT were placed in a glovebox purged with 

N2 gas before transferring them into their respective stainless-steel and glass vessels. 

4.3.2: Deposition Substrates 

Blanket wafers of silicon (boron-doped Si (100), 8-12 ɋ·cm, Pure Wafer) and silicon 

dioxide (100 nm thermally grown SiO2 on boron-doped Si (100), Pure Wafer) were cleaved into 

square coupons with side dimensions ~1 cm. For FTIR measurements, blanket wafers of IR-

transparent silicon (boron-doped Si (100), 10-30 ɋ·cm, Pure Wafer) were cleaved into square 

coupons with side dimensions of ~2 cm. Line-space patterned Si/SiO2 was provided by industry 

collaborators. All wafer coupons were initially cleaned in piranha solution heated to 60 °C to 

remove organic residues and form a surface chemical oxide layer.54 The piranha solution was 

composed of a 1:1 volume ratio of sulfuric acid (H2SO4, 98% ACS Grade, Fisher Chemical) and 

hydrogen peroxide (H2O2, Electronic Grade 30% aqueous solution, J.T. Baker). The cleaning 

sequence consisted of submersion in piranha solution for 30 min, rinsing in DI H2O for 30 s, and 

storage of coupons in DI H2O until use. Immediately before loading into the deposition reactor, 

coupons were dried with N2. 

4.3.3: Reactor Design 

PEDOT oCVD was carried out in a home-built, isothermal, hot-walled, viscous-flow 

reactor described previously.36 EDOT was heated to 60-85 °C in a flow-through glass bubbler 
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vessel with a dip tube on the inlet side that extended to the bottom of the vessel. SbCl5 was 

heated to 30-70 °C in a single-port stainless-steel vessel. These precursor temperatures were 

adjusted as needed to promote the desired PEDOT growth rate and selectivity. A radiofrequency 

(RF) power generator (Huttinger PFG 300 RF) and an impedance matching network (RF Power 

Products MN-500E) enabled the ignition and tuning of O2 and N2 gas plasmas. The plasma 

column consisted of a fused quartz tube (Technical Glass Products) that was 30.5 cm long with 

an inner diameter of 28 mm and an outer diameter of 32 mm. The quartz tube was connected to 

the plasma gas feed line at one end and the top of the deposition chamber at the other end via 

quick-connect couplings (Kurt J. Lesker Company). A copper coil was wound around the quartz 

tube and connected to the impedance matching network, completing the remote capacitively 

coupled plasma (CCP) setup. 

4.3.4: PEDOT oCVD Reaction 

To carry out PEDOT oCVD, inert N2 gas was fed to the precursor delivery lines at a flow 

rate of 65 standard cubic centimeters per minute (sccm), leading to a working pressure of ~400 

mTorr during oCVD. The individual pressure increases during precursor dosing under these 

conditions were ~10 mTorr for EDOT and ~20 mTorr for SbCl5. Before oCVD, samples were 

placed in the reactor for 30 min under N2 flow to establish thermal equilibrium. During oCVD, 

EDOT and SbCl5 were simultaneously delivered to the reactor chamber for the desired 

deposition time by actuating the pneumatic valves associated with the respective precursor 

vessels. Excess reactant material was purged for 60 s with N2 before the samples were removed 

from the chamber. 

After each PEDOT oCVD reaction, the deposition chamber was conditioned with 50 

cycles of Al2O3 ALD using TMA and DI H2O. The ALD sequence for this reaction consisted of 
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TMA/N2/DI H2O/N2 for 0.1/60/0.1/60 s. 100 cycles of this process resulted in 12.6 ± 0.1 nm of 

Al 2O3 ALD on blanket Si-OH wafers at 150 °C, corresponding to a growth per cycle (GPC) of 

1.26 Å/cycle. The chamber was also periodically cleaned with O2 plasma at an RF source power 

of 200 W for 3 min to further remove unwanted contaminants. 

4.3.5: PEDOT Annealing 

PEDOT films were annealed in a home-built, hot-walled, viscous-flow annealing furnace. 

The annealing chamber consisted of a fused quartz tube (Technical Glass Products) with a length 

of 91.4 cm, outer diameter of 50 mm, and inner diameter of 46 mm. A rotary vane pump 

(Edwards E2M1.5, 2.2 m3/h) filled with hydrocarbon oil was used to evacuate the furnace 

chamber. The tube furnace heating manifold (Thermo Scientific F21135, 100-1200 °C) provided 

insulation and programmable proportional-integral-derivative (PID) temperature control for the 

system. N2 flow was regulated using an acrylic variable area flow meter (Omega FL-2010). The 

outlet line of the chamber contained a needle valve to vent the chamber to atmospheric pressure 

using air, a pressure relief valve to prevent overpressurization of the chamber, and a manual 

bellows valve that leads to the rotary vane pump. A Convectron pressure gauge (Granville-

Phillips 275) was also present on the outlet line and transmitted the pressure reading to an 

attached digital display controller (Granville-Phillips 275 Controller). For the annealing 

procedure, the main chamber was pre-heated to the desired temperature setpoint under vacuum 

before loading samples. The chamber was then vented to atmospheric pressure to load the 

samples. After loading the samples and evacuating the chamber, N2 flow was adjusted to 

establish a chamber pressure of ~800 mTorr. Once the desired annealing time had elapsed, the 

chamber was vented again to remove the samples. 
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4.3.6: PEDOT Rinsing 

Rinsing of as-deposited and annealed films to modify Sb content was carried out using 

conditions from a previous study.21 First, a beaker was prepared by rinsing with tap water, drying 

with paper towels, and rinsing with DI H2O to remove any unwanted contaminants. The beaker 

was then filled with ~100 mL of DI H2O and placed on a hotplate (Fisher Scientific 

SP88857200) set to 200-225 °C. The temperature setpoint of the hotplate was adjusted so that an 

attached thermocouple probe submerged in the DI H2O indicated a temperature of 80 °C. A small 

metal sample holder was suspended in the middle of the beaker, and a magnetic stir bar was 

placed at the bottom of the beaker with a stirring rate of 600 rpm. Once the DI H2O reached 80 

°C, the samples were placed into the sample holder for 10 min. The samples were then carefully 

removed and dried with N2. 

4.3.7: Remote CCP O2 and N2 Plasma Exposure 

O2 and N2 gas plasma exposure sequences were performed in the same reactor described 

above for PEDOT oCVD.36 For O2 plasma exposure, an etching cycle consisted of evacuating 

the chamber of N2 purge gas for 60 s, activating the O2 gas flow at 17 sccm and stabilizing for 30 

s, activating the RF source to generate O2 plasma for the desired duration, then purging the 

chamber with N2 for 60 s. For N2 plasma exposure, an etching cycle consisted of turning off 2 of 

the 3 N2 purge gas pneumatic valves (leaving N2 gas flowing at 20 sccm through only the plasma 

column) to pump out excess N2 for 60 s, activating the RF source to generate N2 plasma for the 

desired duration, then purging the chamber by reactivating the other 2 N2 purge gas pneumatic 

valves for 60 s. Before loading samples for plasma exposure, the desired gas plasma was ignited 

for a minimum of 2 min at the desired power level to ensure proper ignition, tuning, and 
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performance. Before beginning either plasma exposure process, samples were allowed to reach 

thermal equilibrium under an N2 purge gas flow of 120 sccm for 30 min. 

4.3.8: CHF3/Ar RIE  

CHF3/Ar RIE was carried out in an Oxford Plasmalab 80 Plus RIE Tool. A rotary vane 

pump with a Roots blower attachment maintained the base pressure of ~1 mTorr on the tool, and 

a butterfly valve enabled precise control of the chamber pressure during processing. Samples 

were loaded directly onto the stage at room temperature before pumping the tool down to base 

pressure. Prior to RIE, variable capacitors (denoted as C1 and C2) were adjusted manually at the 

desired conditions without samples loaded to ensure proper impedance matching and minimize 

the reflected power. At the beginning of the RIE recipe, inert Ar gas was flowed at 50 sccm for 

60 s to ensure stable flow conditions. Next, the Ar flow rate was dropped to 25 sccm, and CHF3 

gas was introduced to the chamber at 25 sccm. Once the pressure was stabilized at 50 mTorr, 

RIE was carried out at for the desired duration at a power level of 75 W. Afterward, the chamber 

was purged with 25 sccm Ar at a pressure of 30 mTorr for 3 min. Finally, the chamber was 

pumped down to base pressure for 1 min before evacuation and sample retrieval. 

4.3.9: Sample Characterization 

Film thickness, density, and crystallinity data were investigated using X-ray reflectivity 

(XRR) and grazing incidence X-ray diffraction (GIXRD) in a Rigaku SmartLab X-ray 

diffractometer equipped with a Cu KŬ source (1.54 Å, 44 mA, 40 kV). XRR patterns were 

scanned in a 2q range of 0° to 10° at a scan rate of 0.004°/s. The resulting patterns were fitted 

using GenX software to determine the film density and thickness.55 GIXRD patterns were 

collected at a fixed incidence angle of 0.5° to ensure surface sensitivity. The 2q range was 

scanned from 10° to 50° at a scan rate of 0.04°/s. 
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The relative surface energy of the films was quantified using water contact angle (WCA) 

measurements on a goniometer with an attached camera system (Model No. 200-F1, ramé-hart 

instrument co.). WCA measurements were obtained using the DROPimage software provided by 

ramé-hart instrument co. and further verified with the Contact Angle plugin for ImageJ image 

processing and analysis software.56 For each measurement, a 50 ɛL droplet of DI H2O was 

deposited on the sample surface using a micropipette. A minimum of 5 WCA measurements 

were carried out at each site using different manual adjustment parameters to reduce variability. 

The vibrational modes of the films after annealing and gas plasma etching were assessed 

using Fourier-transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet iS60) in 

absorbance mode. The samples were allowed to equilibrate in the analysis chamber under inert 

N2 gas flow for at least 15 min before starting the measurements. 400 scans were used for each 

measurement to ensure proper spectrum resolution. Depending on the shape of the resulting 

spectrum, baseline correction was performed manually using the OMNIC software program 

provided by Thermo Scientific to improve the visibility of the data. 

An electron-transparent cross-section (lamella) of an annealed film was prepared using 

focused ion beam milling (FIB, Helios 5 Hydra DualBeam Plasma FIB). Ar+ plasma was used as 

the ion source during deposition and milling. A Pt strip was deposited onto the region of interest 

using the electron beam and then the ion beam. A thin cross-sectional window is prepared by 

milling large amounts of material on either side of the Pt strip using a high-current focused Ar+ 

beam. Then, an EasyLift needle was inserted into the analysis chamber and welded to the cross-

section. The sample was cut away at the bottom and removed from the bulk sample using the 

EasyLift, then welded to a Cu TEM half-grid for further thinning. Annular dark-field imaging of 

the annealed film was performed using scanning transmission electron microscopy (STEM, 
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Thermo Scientific Titan 80-300) with a 200 kV and 0.4 nA electron beam. STEM analysis was 

coupled with energy-dispersive X-ray spectroscopy (EDS, Super-X) to map the elemental 

composition of the annealed film. 

Film thickness on blanket wafer substrates was measured by ex-situ spectroscopic 

ellipsometry (SE, Ŭ-SE Ellipsometer, J.A. Woollam). The incidence angle of the measurements 

was 70°, and the spectral range was 300-900 nm. Biaxial b-spline models, transmission data, and 

multi-sample analysis were incorporated into the measurements to correct for the known optical 

anisotropy of PEDOT.57 A minimum of 3 sites were measured on each sample to reduce 

variability. 

The effects of annealing, gas plasma etching, and rinsing on the elemental composition of 

the films were characterized using X-ray photoelectron spectroscopy (XPS, Kratos Analytical 

Axis Ultra) with an Al KŬ (1486.6 eV) gun, operated at 10 mA and 15 kV. Peak positions were 

calibrated from the raw data by referencing the adventitious C 1s peak at a binding energy of 

284.8 eV, and the analysis was carried out in Casa XPS software.58 For compositional 

quantification analysis, a peak model was created using a high-resolution scan of the overlapping 

Sb 3d and O 1s regions. Contributions were deconvoluted from the Sb 3d5/2 peak, the Sb 3d3/2 

peak, the O 1s peak for C-O bonds in ethylenedioxy groups, and the O 1s peak for metal oxide 

bonds, adventitious contamination, surface oxidation, and adsorbed water. First, the separately 

resolved Sb 3d3/2 peak was fitted while maintaining a 1.5:1 ratio for the integrated areas between 

Sb 3d5/2 and Sb 3d3/2, in accordance with the ratio of the degeneracies between the two states. If 

present, the separately resolved O 1s C-O peak was fitted next, and the remaining area in the Sb 

3d5/2 region was fitted to the other O 1s peak described above. This peak model was translated to 

the survey scan, where the remaining elemental peaks were fitted individually. 



   

81 

 

Sheet resistance data was collected on a 4-point probe (RM3-AR, Jandel) with probe 

spacing (s) of 1 mm. Piranha-cleaned Si substrates with dimensions (d) of approximately 1 cm x 

1 cm were used for deposition, with PEDOT film thickness values ranging from ~20 nm to ~85 

nm. Due to the relatively small size of the substrate (i.e. d/s º 10), a geometric correction factor 

of 0.9313 was applied to the obtained sheet resistance values.59 Prior to the PEDOT sample 

measurements, a calibration sample provided by Jandel was measured to ensure consistent 

operation. The corrected measurements were multiplied by the respective film thickness values 

determined via SE and inverted to obtain conductivity data. 

 

4.4: Results and Discussion 

4.4.1: Results of PEDOT Deposition and Annealing in N2 

PEDOT oCVD was carried out at 150 °C for 30 s on piranha-cleaned thermal SiO2, 

leading to an average growth rate of ~3.2 nm/s, which aligns with experimental conditions 

previously used for ASD.35,36 As such, this deposition temperature was used for the films in this 

work. Figure 4.1 shows X-ray reflectivity (XRR) and water contact angle (WCA) data for 

PEDOT films after 30 s oCVD on 1 cm x 1 cm piranha-cleaned Si substrates at 150 °C in the as-

deposited state (black) and after annealing at 250 °C (red) and 350 °C (blue) for 5 min in N2. The 

XRR data in Figure 4.1a resulted in the film thickness and density data shown in Figure 4.1b, 

which shows that the as-deposited sample has a film thickness of ~77.5 nm and a density of ~2.2 

g/cm3. After annealing for 5 min at 250 °C, the thickness decreased to ~57.5 nm, and the density 

increased to ~2.4 g/cm3. Annealing for 5 min at 350 °C resulted in a further decrease in thickness 

to ~23.1 nm and an increase in density to ~2.8 g/cm3. Figure 4.1c shows the evolution of WCA 

as the films are annealed at 250 °C and 350 °C for 5 min in N2. Initially, the WCA is ~54.5° for 
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as-deposited PEDOT, and upon annealing, the surface becomes more hydrophilic, with a WCA 

of ~37.5° after annealing at 350 °C. 

Figure S4.1 contains grazing incidence X-ray diffraction (GIXRD) data for the as-

deposited and annealed films as well as the Si substrate. The as-deposited PEDOT film exhibits a 

broad, weak peak at 2q º 26° corresponding to the (020) reflection, consistent with previous 

reports of varying degrees of inter-chain stacking from oCVD PEDOT at 150 °C.21 Annealing at  

Figure 4.1. (a) XRR data after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C (red) and 

350 °C (blue) for 5 min in N2. The spectra have been offset from the origin for clarity. (b) Summary of 

film thickness (orange) and density (green) data data derived from XRR model fitting, with arrows 

indicating the evolution in the data as the annealing temperature was increased. (c) Evolution of WCA 

data for the annealing treatments. Error bars represent the 95% confidence interval for the datasets. 
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250 °C and 350 °C diminishes this peak, and the Si (111) peak at 2q º 28° becomes more 

prominent, consistent with a reduction in film thickness. Due to the shallow incident angle (0.5°) 

used for GIXRD, the Si peak is not detected until the film thickness is reduced by annealing. 

Table S4.1 contains conductivity data measured for the as-deposited and annealed films. 

The as-deposited films exhibit relatively low conductivity of ~71 S/cm, similar to previous 

reports of vapor-deposited PEDOT under various conditions.21 Annealing at 250 °C reduced the 

conductivity to ~23 S/cm, while annealing at 350 °C increased it to ~963 S/cm. Thus, the film 

appears to initially become more insulating, followed by a notable increase in conductivity upon 

further annealing.  

Figure 4.2 shows Fourier-transform infrared spectroscopy (FTIR) data collected to assess 

the structural changes induced by annealing the PEDOT films. Figure 4.2a displays the full 

FTIR spectra from 4000 to 400 cm-1 for as-deposited PEDOT (black) and after annealing at 250 

°C (red) and 350 °C (blue) for 5 min in N2. Figure 4.2b shows the identical spectra expanded 

from 1800 to 400 cm-1, where the intensities of the samples annealed at 250 °C and 350 °C are  

Figure 4.2. (a) Full spectrum of FITR absorbance data after PEDOT oCVD at 150 °C (black) and after 

annealing at 250 °C (red) and 350 °C (blue) for 5 min in N2. (b) Zoomed-in plot corresponding to the 

boxed region in (a). The spectra have been baseline corrected and offset from the origin, and scalar 

multipliers have been applied to the annealed samples for clarity. 



   

84 

 

increased by a factor of 5 and 10, respectively. The as-deposited film displays sharp peaks 

associated with C=C bond stretching in the thiophene ring (~1525 cm-1), stretching from 

connective inter-ring C-C bonds (~1312 cm-1), C-O-C bond stretching in the ethylenedioxy 

group (~1132 cm-1), and C-S-C bond stretching in the thiophene ring (~829 cm-1).60 Annealing at 

250 °C reduces the intensity of the PEDOT peaks, and further annealing at 350 °C leads to loss 

of all major characteristic peaks, indicating substantial polymer degradation. 

Figure 4.3 shows X-ray photoelectron spectroscopy (XPS) data collected from the as-

deposited and annealed films. In Figure 4.3a, the as-deposited film (black) exhibits signals due  

Figure 4.3. XPS analysis after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C (red) and 

350 °C (blue) for 5 min in N2 in the (a) S 2p, (b) Sb 3d, (c) Cl 2p, and (d) C 1s regions. The spectra have 

been offset from the origin for clarity. 
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to S 2p3/2 at 163.7 eV and S 2p1/2 at 164.8 eV,24,35 and annealing at 250 °C (red) and 350 °C 

(blue) produces minimal change in this region. The corresponding Sb 3d and O 1s regions in 

Figure 4.3b show peaks due to Sb 3d5/2 at 530.6 eV and Sb 3d3/2 at 540.0 eV. The peak positions 

in the S 2p region and deconvolution of the Sb 3d5/2 peak indicate that the Sb content in the as-

deposited and annealed films most closely resembles Sb2O3, rather than Sb2O5 or antimony 

sulfide.61,62 The O 1s peak (organic C-O bonds) is also visible at 533.0 eV. While annealing at 

250 °C had a minimal impact in this region, annealing at 350 °C notably increased the 

prominence of the Sb 3d peaks and diminished the O 1s peak. Figure 4.3c displays overlapping 

Cl 2p peak doublets representing Cl-
, SbCl6

-, and C-Cl species.63 After annealing, only the SbCl6
- 

doublet remains. Figure 4.3d shows the C 1s region, with a C-O-C peak visible at 286.2 eV and 

the adventitious C-C peak visible at 284.8 eV (i.e., the binding energy value set during 

calibration, as stated in the Experimental section). Annealing reduced the intensity of the C-O-C 

peak, while the adventitious C-C peak was unaffected. As expected, the Si 2p and N 1s regions, 

shown in Figure S4.2a-b, show no major discernible peaks. The full-range XPS spectra are also 

available in Figure S4.2c with relevant regions annotated. 

Figure 4.4 shows high-angle annular dark-field scanning transmission electron 

microscopy (HAADF STEM) imaging after PEDOT oCVD at 150 °C and after annealing at 350 

°C for 5 min in N2. Note that the bright areas above the film are Pt deposited during sample 

preparation before imaging. In Figure 4.4a, as-deposited PEDOT is shown conformally coating 

a patterned Si/SiO2 substrate. The higher magnification image in Figure 4.4b displays the film in 

greater detail, and Figure 4.4c shows a corresponding energy-dispersive X-ray spectroscopy 

(EDS) map. The EDS signals from S (red) and Sb (yellow) are distributed uniformly throughout 

the film. In Figure 4.4d, contrast is visible between the brighter upper region of the annealed  
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Figure 4.4. (a) TEM image after PEDOT oCVD at 150 °C on a patterned Si/SiO2 substrate. (b) Higher 

magnification HAADF STEM image of the boxed region in (a). (c) EDS map of (b). (d) HAADF STEM 

image after PEDOT oCVD at 150 °C on a blanket Si substrate followed by annealing at 350 °C for 5 min 

in N2. (e) Higher magnification image of the boxed region in (d). (f) EDS map of (e). The bright regions 

above the films are Pt deposited during sample preparation for imaging. 

film and the darker lower region. The higher magnification image in Figure 4.4e provides a 

more detailed view of the film, and Figure 4.4f shows a corresponding EDS map. After 

annealing, the Sb signal appears to have migrated to the upper region of the film, consistent with 

the contrast difference in the HAADF image in Figure 4.4e. The EDS signal from S also 

confirms that the darker contrast region in Figure 4.4e consists of predominantly residual S 

material. The segregation of Sb toward the top of the film after annealing is consistent with the 

XPS results in Figure 4.3b, which show an increase in the Sb fraction after thermal treatment. 

Due to the largely amorphous nature of the films, no crystallites were detected in the images. 
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4.4.2: Discussion of PEDOT Deposition and Annealing in N2 

From the XRR, WCA, FTIR, XPS, and STEM-EDS results, we observe that annealing at 

350 °C results in a substantial decrease in film thickness and a small increase in density (Figure 

4.1a-b), as well as a transition from a lower energy polymeric surface to a higher energy surface 

more representative of metallic materials (Figure 4.1c).64,65 We also observe a loss of vibrational 

modes associated with the PEDOT structure (Figure 4.2). The XPS results (Figure 4.3) suggest 

that annealing leads to the volatilization of ethylenedioxy groups that contributes to the observed 

thickness decrease, as indicated by the reduction in intensity of the separately resolved O 1s peak 

attributed to organic C-O bonds and the C 1s peak corresponding to C-O-C bonds. The 

remaining peaks in the S 2p region indicate that fragmented thiophene rings may remain on the 

surface after annealing. The observed increase in the intensity of the Sb 3d peaks aligns with a 

more metallic, inorganic Sb2O3 surface, which is in agreement with a lower WCA and higher 

conductivity (Table S4.1). The STEM-EDS results (Figure 4.4) indicate that the Sb content 

partially segregates toward the top of the film, while the S content remains primarily in the lower 

region. The data clearly shows that, upon annealing, the initial PEDOT structure no longer 

remains. XPS compositional quantification analysis after annealing at 350 °C indicates that the 

film primarily contains Sb, O, C, and S (Table 4.1), so, in this paper, the term ñannealed 

PEDOTò refers to amorphous CSbSOx films. As shown in the table, a low concentration (~3%) 

of Cl is also initially present after oCVD, which aligns with previous studies,21 and this content is 

further diminished during annealing. 

4.4.3: Results of Plasma Etching of As-Deposited and Annealed Films 

As-deposited and annealed films on SiO2 substrates were exposed to O2 plasma using RF 

power ranging from 10 to 200 W. Sample thickness was measured by ex-situ spectroscopic 
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ellipsometry (SE) before and after plasma exposure, and Figure 4.5a shows the net etch rate as a 

function of RF power for the samples studied. The etch rate of as-deposited PEDOT increases 

linearly with RF source power up to a maximum of ~30 nm/s at 200 W. After annealing at 250 

°C, the etch rate is reduced to ~13 nm/s at 200 W. Annealing at 350 °C further reduces the etch 

rate to ~1 nm/s at 200 W. Figure 4.5b shows the etch rate as a function of annealing time at a 

fixed RF source power of 50 W. Increasing the annealing time from 5 min to 80 min has a 

minimal impact on etch resistance, so an annealing time of 5 min was selected for further studies  

Figure 4.5. (a) O2 plasma etch rate after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C 

(red) and 350 °C (blue) for 5 min in N2 as a function of RF source power on blanket SiO2 substrates. (b) 

O2 plasma etch rate as a function of annealing time for films annealed at 250 °C (red) and 350 °C (blue). 

(c) N2 plasma etch rate after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C (red) and 350 

°C (blue) for 5 min in N2 as a function of RF source power on blanket SiO2 substrates. 
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in this work. Samples on blanket SiO2 were also subjected to N2 plasma, and the net etch rate is 

plotted in Figure 4.5c. The trends largely mirror those shown in Figure 4.5a for O2 plasma 

etching, but the magnitude of the etch rate is substantially slower for N2 plasma. The substantial 

decrease in etch rate upon annealing is especially intriguing when viewed in conjunction with 

Figures 4.2-4.4, which suggest that annealing degrades the polymer, yielding an Sb-rich 

modified film. Films were also deposited on piranha-cleaned Si wafers, and results from O2 and 

N2 plasma etching, shown in Figure S4.3a-c, display the same trends as Figure 4.5. 

The effect of O2 and N2 plasma exposure on the vibrational modes detected via FTIR for 

as-deposited and annealed films is shown in Figure S4.4. In general, the vibrational modes were 

diminished during exposure to either plasma, with the extent varying depending on the gas and 

the annealing treatment. A more detailed discussion is provided in the Supporting Information. 

Figure 4.6 shows the results of XPS analysis after exposing the annealed films to O2 

plasma for varying numbers of cycles at a power level of 50 W, with each cycle consisting of 2 s 

of plasma exposure. The power level and cycle time were selected to observe changes in film  

Figure 4.6. XPS analysis after PEDOT oCVD at 150 °C (black) and after annealing at 350 °C for 5 min 

in N2 (blue) followed by etching for 1 cy (pink), 5 cy (cyan), and 10 cy (green) using O2 plasma at an RF 

source power of 50 W in the (a) S 2p and (b) Sb 3d regions. Each etching cycle consisted of 2 s of plasma 

exposure. The spectra have been offset from the origin for clarity. 



   

90 

 

composition during the early stages of etching. For the example shown, the as-deposited 

thickness was ~69.8 nm. After annealing, the thickness was ~16.5 nm, and after 1, 5, and 10 etch 

cycles, the thickness decreased to ~14.7, ~8.2, and ~8.1 nm, respectively. Upon plasma 

exposure, the intensity of the S 2p peaks in Figure 4.6a rapidly diminished, consistent with 

initial film etching. Conversely, the Sb 3d peaks consistently increased in intensity as the number 

of O2 plasma cycles increased from 1 to 10, indicating that Sb remains incorporated into the film. 

This result is consistent with the XPS and STEM analyses in Figures 4.3-4.4, where annealing at 

350 °C produced a modified film with a higher surface Sb concentration. In this case, O2 plasma 

exposure led to a larger relative increase in the Sb fraction observed by XPS (Figure 4.6b) 

compared to that observed during the annealing step (Figure 4.3b). Similar trends in the S 2p 

and Sb 3d regions were observed for as-deposited and annealed films at 250 °C for 5 min in N2, 

with results shown in Figure S4.5. 

For the as-deposited and annealed samples, XPS data was also collected in the Cl 2p, C 

1s, Si 2p, and N 1s regions after O2 plasma exposure, and results are shown in Figures S4.6-

S4.8. In all cases, the Cl 2p and C 1s C-O-C signal intensities are diminished as O2 plasma 

exposure proceeds. The Si 2p peaks from the substrate also become visible as the films are 

etched. For the sample annealed at 350 °C in Figure S4.8c, the Si 2p peak intensities remain 

generally lower after continued exposure, suggesting reduced etching in agreement with SE 

measurements in Figure 4.5. The N 1s region shows no major discernible peaks. 

4.4.4: Results of DI H2O Rinsing of As-Deposited and Annealed Films 

Previous reports have indicated that a short rinsing step with DI H2O can aid in removing 

unreacted material from PEDOT thin films.20,21 To better understand the effect of this rinsing 

step, Figure 4.7 shows XPS and SE data for rinsed PEDOT films. Figure 4.7a-b shows XPS  
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Figure 4.7. XPS analysis after PEDOT oCVD at 150 °C (black), annealing at 350 °C for 5 min in N2 

(blue), and rinsing in DI H2O at 80 °C for 10 min (green) in the (a,c) S 2p and (b,d) Sb 3d regions. The 

spectra have been offset from the origin for clarity. (e) Etch rates of the films during O2 plasma exposure 

at 100 W before (black) and after (red) rinsing in DI H2O. 
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data for PEDOT after oCVD at 150 °C (black) on blanket Si substrates and 10 min DI H2O 

rinsing at 80 °C (green). Figure 4.7a shows that the two characteristic S 2p peaks were not 

diminished by the rinsing process. Figure 4.7b contains the Sb 3d and O 1s regions, and the data 

clearly shows that the Sb content observed after oCVD is diminished after 10 min of rinsing in 

continuously stirred DI H2O. The O 1s peak remains after rinsing and is attributed to the 

remaining polymer material on the surface, adventitious contamination from atmospheric 

exposure, and adsorbed water (see also C 1s peaks in Figures S4.10-S4.12). In Figure 4.7c-d, 

XPS data is shown for a 350 °C annealed film after rinsing. Similar to the as-deposited sample, 

the peaks in the S 2p region were not diminished by rinsing. Thus, we suspect that residual sulfur 

content from fragmented thiophene rings in the degraded polymer network remains incorporated 

in the amorphous film matrix. Furthermore, the Sb peaks were completely diminished, leaving 

only the O 1s peak behind. The removal of Sb from the films was further confirmed via 

compositional quantification analysis, with results shown in Table 4.1. Thus, a short DI H2O 

rinsing step removes the Sb content from the as-deposited and annealed films. Similar trends in 

the S 2p and Sb 3d regions were observed for films after annealing at 250 °C for 5 min in N2, 

with results shown in Figure S4.9. 

For the as-deposited and annealed samples, XPS data was also collected after DI H2O 

rinsing in the Cl 2p, C 1s, Si 2p, and N 1s regions, and results are shown in Figures S4.10-S4.12. 

In Figures S4.10-S4.11, the C 1s C-O-C and C-C peaks remain clearly visible as Sb is removed 

from the films. The SbCl6
- doublet in the Cl 2p region is consistently removed during rinsing. In 

Figure S4.12c, the Si 2p peaks are faintly visible after rinsing due to the slight thickness 

reduction during the removal of Sb content. No major discernible peaks were observed in the N 

1s region. 
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Table 4.1. Summary of atomic concentration determined via XPS compositional quantification analysis 

after PEDOT oCVD followed by annealing and rinsing treatments.a 

Element 

Atomic Concentration (%) 

oCVD 

150 ÁC 

Anneal 

250 ÁC 

Anneal 

350 ÁC 

oCVD 

150 ÁC 

+ Rinse 

Anneal 

350 ÁC 

+ Rinse 

C 58 60 29 68 72 

Sb 8 10 41 0 0 

S 8 9 8 8 9 

O 23 20 20 23 18 

Cl 3 1 2 1 1 

aThe uncertainty for each atomic concentration value is ±0.5%. All data have been rounded 

to the nearest %. 

The etch rate of the as-deposited and annealed films in O2 plasma at an RF source power 

of 100 W is shown in Figure 4.7e. This power level was selected to ensure that the etch rate was 

sufficient for clean removal of residual material. The black data points are repeated from Figure 

4.5 to demonstrate that the etch rate decreases as the annealing temperature is increased. The red 

data points indicate the etch rate for these samples after 10 min of rinsing in DI H2O at 80 °C. 

Rinsing had a negligible effect on the etch rate of as-deposited PEDOT (~14 nm/s), but the etch 

rate of the sample annealed at 250 °C roughly doubled to match the etch rate of as-deposited 

PEDOT. Similarly, rinsing increased the etch rate of the sample annealed at 350 °C, matching 

the rates of the other two samples. 

4.4.5: Discussion of Plasma Etching of As-Deposited, Annealed, and DI H2O Rinsed Films 

From the SE measurements after O2 and N2 plasma etching (Figure 4.5), we see that 

annealing the PEDOT films reduced the etch rate. From the XPS analysis of the etched films 

(Figure 4.6), we can conclude that the Sb content consistently remains present during annealing 
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and repeated O2 plasma exposure. Furthermore, the shift to a higher binding energy during 

continued plasma exposure is indicative of a transition from the Sb3+ valence state to Sb5+ (i.e. 

Sb2O3 to Sb2O5).
61 From the XPS analysis of the DI H2O rinsed as-deposited PEDOT and 

annealed films (Figure 4.7a-d), we can conclude that the short rinsing step is sufficient to 

remove Sb content from the films. While Sb2Ox compounds are only slightly soluble in H2O at 

room temperature, the volume of the films is vanishingly small compared to the volume of water 

used for rinsing (~100 mL), so the Sb content in the films is well below the solubility limit.66 

After the rinsing process, the composition of the remaining polymer content is not significantly 

altered, and the material is not removed from the surface. Thus, rinsing in DI H2O serves as a 

rapid, benign treatment step to enable removal of Sb content from as-deposited and annealed 

PEDOT. From the SE measurements on rinsed samples exposed to O2 plasma (Figure 4.7e), we 

observe an increase in the etch rate of the annealed films after rinsing. The ability to rapidly etch 

rinsed films demonstrates that annealed films could serve as a temporary masking layer for 

plasma deposition steps. In this way, the presence or absence of Sb content seems to be a key 

differentiating factor for etch rate control, with oCVD and annealing serving as a quick and 

facile method to impart Sb-rich films to the substrate surface. However, O2 plasma is not 

expected to etch relevant adjacent materials, motivating extension of these results to other 

systems. 

4.4.6: CHF3/Ar Reactive Ion Etching of As-Deposited, Annealed, and DI H2O Rinsed 

PEDOT 

Mixtures of CHF3 and other gases (such as Ar, O2, CH4, and H2) are used to etch SiO2 

during patterning processes.67ï69 Accordingly, Figure 4.8 shows etch rate data for as-deposited 

and annealed films as well as SiO2 during CHF3/Ar reactive ion etching (RIE) after oCVD at 150  
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Figure 4.8. (a) Etch rates of as-deposited and annealed films during CHF3/Ar RIE at 75 W after oCVD at 

150 °C and annealing at 250 °C and 350 °C for 5 min in N2 before (black) and after (red) rinsing in DI 

H2O. (b) Etch selectivity ratios of SiO2 to as-deposited and annealed films. 

°C and annealing at 250 °C and 350 °C for 5 min in N2. In Figure 4.8a, etch rate data is shown in 

black for CHF3/Ar RIE at 75 W. The flow rates of the two gases were 25 sccm, and the chamber 

pressure was fixed at 50 mTorr. These flow conditions and the selected power level provided a 

stable configuration to minimize the reflected power during RIE. Similar to data collected for O2 

plasma exposures, increasing the annealing temperature notably reduced the etch rate during RIE 

from ~0.12 nm/s to ~0.01 nm/s. For instance, one film annealed at 350 °C for 5 min in N2 was 

etched from ~23.8 nm to ~21.4 nm after 180 s of RIE at 75 W. As shown by the data in red, 

rinsing in DI H2O did not affect the etch rate of as-deposited PEDOT, but it notably increased the 

etch rates of the annealed samples, similar to results for O2 plasma in Figure 4.7e. Cross-

sectional SEM images of as-deposited and annealed films after 180 s of RIE are shown in Figure 

S4.13, demonstrating that the films remain uniform and conformal on the surface after etching. 

In Figure 4.8b, the CHF3/Ar RIE etch rate of ~0.40 nm/s for SiO2 control samples was 

compared against the as-deposited and annealed sample etch rates without rinsing to generate 

etch selectivity ratios. As-deposited PEDOT yielded a selectivity ratio of 3:1, and annealing at 

250 °C increased this ratio to 7:1. However, annealing at 350 °C considerably increased the ratio 
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to 41:1. This selectivity is greater than or comparable to other polymeric and dielectric hard 

masks,44ï50,70 although some metallic masks have reported higher ratios.51ï53 This data adds to 

the versatility of the annealed films as a highly selective oCVD polymer mask for SiO2 RIE that 

can be rinsed in DI H2O to accelerate removal. Future work combining PEDOT spatial etching, 

selective SiO2 RIE, DI H2O rinsing, and O2 plasma surface cleaning in one cohesive process 

would further support the feasibility of this patterning procedure. 

 

4.5: Conclusions 

In this work, we have demonstrated structural and compositional changes to oCVD 

PEDOT films after mild thermal annealing and liquid water exposure. XRR and WCA 

measurements indicate that the film thickness is reduced due to volatilization and densification, 

and that the surface becomes more hydrophilic. XPS and STEM suggest that the relative 

concentration of the Sb constituent imparted by the SbCl5 oxidant during deposition increases as 

a function of the annealing temperature, with much of that material segregating to the top of the 

film to form a surface Sb2O3 layer. While the as-deposited PEDOT films etch rapidly (up to 30 

nm/s) under O2 and N2 remote plasma exposure, annealing for as little as 5 min in N2 greatly 

reduces the etch rate in both cases, reaching values as low as 1 nm/s or less. FTIR and XPS 

results indicate that the polymer structure is degraded during annealing and subsequent plasma 

etching, but the Sb content remains incorporated into the film and even becomes more 

electropositive. However, XPS results further indicate that a short rinsing step in DI H2O 

eliminates the Sb content, allowing for clean and rapid removal of the remaining film content via 

remote O2 plasma exposure. Translation of these results to CHF3/Ar RIE resulted in an etching 

selectivity of 41:1 for SiO2 to films annealed at 350 °C for 5 min in N2. 
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The ability to promote O2 and N2 plasma etching resistances via short thermal annealing 

steps indicates that thermally modified PEDOT films could serve as a masking material during 

plasma deposition of oxide and nitride materials. Afterward, the short DI H2O rinsing step 

provides flexibility to remove polymer content from the surface after processing. Similarly, 

resistance to CHF3/Ar RIE is significant for pattern transfer to blanket SiO2 films. Given 

previous results displaying highly selective ASD of PEDOT on Si/SiO2 patterned surfaces, the 

results shown here enhance the performance and versatility of this material for masking during 

plasma deposition and etching processes. Additional studies combining these steps in series to 

achieve patterned SiO2 etching would further support potential process integration feasibility. 

Furthermore, while results in this work utilize Sb delivered by the SbCl5 oxidant, the observed 

mechanism may also occur with other materials, including those that are more earth-abundant 

than antimony. 
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4.8: Supporting Information 

Figure S4.1. GIXRD analysis after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C (red) 

and 350 °C (blue) for 5 min in N2. The Si substrate (green) is also included for comparison. The spectra 

have been offset from the origin for clarity.  






































































































































































































































