
ABSTRACT 

XIE, WENYI. Thermal Atomic Layer Etching and Vapor Phase Infiltration for Carbon Material 

Synthesis (Under the direction of Dr. Gregory N. Parsons, Dr. Saad A. Khan, and Dr. Orlando J. 

Rojas).  

 

The semiconductor industry faces a tremendous amount of challenges in developing and 

producing electronic devices with sub-10nm feature sizes. The precise control of thickness and 

conformality for deposition and etching of materials are of critical importance. Atomic layer 

deposition (ALD) and atomic layer etching (ALE) are processing techniques based on sequential 

self-limiting reactions which allow atomic layers of materials to be added or removed at a time. 

Both ALD and ALE are considered highly promising techniques for enabling the production of 

future transistor structures.  

The first half of this thesis focuses on the development of thermal ALE processes for 

tungsten (W). Thermal ALE, based on thermal desorption of volatile etch products, is an appealing 

alternative to plasma based etching process for avoiding plasma-induced damages of sensitive 

device structures. We first investigated a thermal W ALE process using oxygen (O2) and tungsten 

hexafluoride (WF6). Based on insights gained from thermodynamic modeling, we proposed that 

W etching can proceed in two sequential reaction steps: 1) oxidation of W, and 2) formation and 

removal of volatile WO2F2 through reaction with WF6. However, the O2/WF6 process is limited to 

temperatures ≥ 275 °C. Through further thermodynamic modeling studies, we found that W etching 

is viable at lower temperatures using tungsten hexachloride (WCl6) as the etchant instead of WF6. 

This is mainly due to that WO2Cl2 is a more volatile etch product than WO2F2. Our works on 

thermal W ALE serve to increase the fundamental understanding on ALE reactions and expand 

the base of available ALE processes for advanced material processing. 



In the second half of this dissertation, we discuss the synthesis and modification of carbon 

materials using vapor phase infiltration (VPI) of metalorganic compounds. Common thermoplastic 

polymers such as polyvinyl alcohol and cellulosic derivatives are abundant and inexpensive 

precursors for carbon nanofibers. However, it is challenging to utilize thermoplastic polymers as 

carbon precursors because they undergo melting transitions upon heating, and as such, any pre-

shaped nanostructures are lost during carbonization. Through vapor infiltration of diethyl zinc 

(DEZ), we were able to chemically modify cellulose diacetate (CDA) electrospun nanofibers and 

obtain carbon nanofibers.  

We further extended the VPI modification to unprocessed CDA in its flake form using 

DEZ and trimethyl aluminum (TMA). The resulting carbon materials were examined as electrode 

materials in supercapacitors. CO2 activation and nitric acid treatment were applied as additional 

means to modify surface areas and oxygen contents. We systematically investigated the effects of 

various treatments on surface area, pore volume, and surface oxygen content, and to correlate these 

parameters with the charge storage capacity. While CO2 activation gives rise the largest increase 

in surface area and micro-porosity, however the capacitive performance is not promising. This is 

mainly due to the restricted access of micropores to the solvated electrolyte molecules. The 

presence of mesopores is important for the transport of electrolyte molecules into micropores. We 

found that the combination of TMA metalation and CO2 activation is effective for the formation 

of mesopores, giving rise to carbon materials with promising capacitive electrode performance. 

Through novel uses of vapor infiltration of metalorganic compounds, we have achieved porosity 

and shape controls, and improvement in electrode performance of thermoplastic based carbon 

materials. 
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CHAPTER 1. INTRODUCTION AND BACKGROUND 

1.1. Atomic Layer Deposition (ALD) 

As device structures further miniaturize and become complex, control of thickness and 

conformality of thin film growth are needed for the fabrication of semiconductor devices. Atomic 

layer deposition is an important deposition technique capable of depositing a variety of materials 

with atomic level thickness control and excellent conformality over high aspect ratio structures. 

ALD can fulfill the strict requirements of semiconductor processing for growth of ultra-thin and 

conformal films. ALD method is currently being used in the semiconductor industry at high 

volume manufacturing scale for the 1) deposition of HfO2 gate dielectric in the complementary 

metal oxide semiconductor (CMOS) transistors, 2) formation of metal-insulator-metal (MIM) 

capacitors in dynamic random-access memory (DRAM) chips, and 3) growth of Al2O3 protective 

layer on magnetic head gaps.1–3 ALD is also considered as a possible candidate for deposition of 

gate metal electrodes, Cu diffusion barriers, metal plugs and even metal lines in future 

semiconductor devices.4 In addition, ALD method has been explored for other applications, 

including: catalysis, batteries and solar cells.5–9  

ALD is closely related to chemical vapor deposition (CVD), both involve thermally activated 

chemical reactions of precursors. However, there is a key difference. In CVD, both the metal 

precursor and co-reactant are present in gas phase and react to form the product films on the 

substrate continuously. In ALD, the substrate is exposed to and reacts with the precursors in 

separated steps, and the reaction steps are self-limiting. The growth rate of ALD is hence much 

lower than CVD due to its self-limiting characteristic.  

ALD is basically a cyclic process that consists of two sequential self-limiting reaction steps. 

During a reaction step, the substrate surface is exposed to a dose of metal precursor or co-reactant. 
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An inert gas (N2 or Ar) is used as carrier gas to assist the transport of chemical precursors from the 

source vessels to the reactor. Each reaction step should be self-limiting, meaning that the extent of 

reaction between the reactant and the substrate will reach a saturation limit when all the surface 

reactive sites are consumed. The self-limiting characteristic of ALD reactions give rise the exact 

thickness control. 

The growth rate of ALD is typically expressed as growth per cycle (GPC). GPC needs to 

be evaluated as a function of precursor exposure (i.e. pulse time) for each reaction step to determine 

saturation behaviors (Figure 1.1a). For an ALD process that displays self-limiting growth, the GPC 

should show a definite saturation level in precursor exposure and further increase in precursor 

exposure does not lead to future increase in GPC. For a process that does not show self-limiting 

growth, the GPC is dependent on precursor exposure. Furthermore, there should be a temperature 

range in ALD where GPC does not depend very much on the temperature. This temperature range 

is referred to as the “ALD window”.10  ALD temperature window is determined by evaluating the 

saturation behaviors at different temperatures (Figure 1.1b). For the lower temperature regime 

(below the ALD window), growth is affected by condensation and poor thermal activation of 

precursors, while at temperatures higher than the ALD window, growth is influenced by precursor 

decomposition and desorption. ALD window is an important parameter to consider for temperature 

sensitive substrates, i.e. the deposition temperature should not exceed the thermal stability of the 

substrate.  
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Figure 1.1. Growth per cycle as function of (a) the pulse time and (b) temperature. Figure adapted 

from Ref 10. 

The reaction steps in an ALD process are separated by purge steps using N2 or Ar as the 

purge gas to remove reaction byproducts and excess reactants. The purge step plays an important 

role on the uniformity of the deposited films. Insufficient purging may lead to non-ideal ALD 

growth or CVD growth. The duration of the purge step depends on the gas residence time and 

desorption kinetics of the chemical species presented.3 It is very difficult to purge chemical species 

that form strong hydrogen bonds and bind strongly through physisorption.3 The gas residence time 

depends on the various process parameters, including reactor volume, pressure, gas flow rate and 

temperature.3  

Ligand-exchange reaction (also known as Lewis acid-base reaction) mechanism is 

commonly encountered in ALD of metal oxides.11 The schematic in Figure 1.2 shows the 

simplified reaction mechanism for Al2O3 ALD, consisting of sequential reaction steps with 

trimethyl aluminum (TMA) and water.12 In the TMA reaction step, TMA is a strong Lewis acid 

which adsorbs and reacts with the –OH surface sites that are acting as Lewis base. CH4 is released 

as the byproduct. The TMA reaction step stops when all the surface –OH reactive sites are 

consumed. The resulting surface terminates with methyl groups (-CH3) after the TMA half-
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reaction. In the following H2O reaction step, water molecules react with the methylated surface. 

CH4 is again being released as the reaction byproduct. –OH termination of the surface is restored 

after the water half-reaction. An atomic layer of Al2O3 is forms upon the completion of an Al2O3 

cycle (i.e. GPC ~1 Å/cy). Since the resulting Al-O bond is very stable, the overall reaction of 

TMA/water process is highly exothermic and Al2O3 can be deposited even at room temperature.  

 

 Figure 1.2. Schematic representation for a cycle of Al2O3 ALD using trimethyl aluminum 

(TMA) and water on a hydroxylated (-OH) surface. Figure adapted from Ref 11. 

In addition to metal oxides, other materials have been also grown by ALD, including 

metals, metal nitrides and metal sulfides.13 ALD of metals can be achieved by reduction chemistry 

which requires the use of reducing agents. However, since many metal species have negative 

reducing potentials, the lack of viable reducing agents limits the number of metals deposited by 

ALD.14 Metallic tungsten (W) can be deposited via ALD by using tungsten hexafluoride (WF6) as 

the metal precursor and silane (SiH4) or disilane (Si2H6) as the reducing agent.15,16 The schematic 

in Figure 1.3 depicts a proposed reaction mechanism for W ALD using WF6 and SiH4. W 

deposition proceeds with WF6 adsorbing and reacting with the surface. The surface becomes 

terminating with reacted WFx sites. In the following SiH4 reaction step, SiH4 first removes the F 



   

5 

 

from WFx sites and reduces tungsten to W0, then adsorbs to the surface, leading to the formation 

of a surface W-SiFxHy layer. Since both reaction steps involve the formation of a very stable Si-F 

bond, the overall reaction is very exothermic.11  

Figure 1.3. Schematic representation for a cycle of W ALD using tungsten hexafluoride (WF6) 

and silane (SiH4). Figure adapted from Ref 14.  

1.2. Atomic Layer Etching (ALE) 

Etching is an important step during semiconductor processing for transferring lithographic 

patterns into the wafer. Both wet and dry etching processes are commonly used in electronic device 

fabrication. Wet etching is used for patterning features of micrometer sizes.17 Wet etching is 

desirable for high selectivity.  In wet etching, materials are removed by reacting with liquid etchant 

and forming soluble products. For example, HF and KOH are common liquid etchants for etching 

silicon.17 For fabrication of electronic device with features < 100 nm, dry etching is preferred over 

wet etching.17 Reactive ion etching (RIE) is a widely used type of dry etching. In RIE, radio 

frequency (RF) power is used to dissociate an etchant gas to generate reactive and non-reactive 

ions, electrons, photons and other species.17–20 For example, CF4, SF6 and a mixture of BCl2 + Cl2 

are common dry etchants for silicon.17,21 Materials are etched upon exposures to the energetic 

species and volatile gaseous products are formed. However, the highly reactive species have 
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tendency of recombination, which cause transport limited phenomena and etching non-

uniformity.19 In addition, continuous exposures of high energy species can lead to surface 

roughening and contamination of the sensitive device structure, which is a major concern during 

device fabrication.22   

Due to continued device miniaturization, the semiconductor industry needs controlled 

etching techniques to supplement the currently used thin film deposition techniques in order to 

develop and manufacture smaller and complex devices. Atomic layer etching (ALE) is an etching 

technique based on the principles of ALD.19,23,24 In ALE, sequential self-limiting steps are used to 

remove atomic layer of materials per cycle. An ALE cycle typically consists a modification and 

an activation steps, as depicted in Figure 1.4. In the modification step, a chemical reagent is used 

to modify surface layers of the substrate, the resulting modified layer has a lower activation energy 

required for removal as compared to the substrate.25 Halogenating reagents are commonly used for 

the surface modification step, for example, Cl2 was used for chlorination of Si, and HF and BCl3 

were used for metal oxides.22,26–29 The key is that the surface modification reaction needs to be 

self-limiting, and the resulting surface modified layer should be passivating the substrate from 

further modifications. The surface modified layer can then be removed via formation of volatile 

products in the following activation step. The activation step can be a thermally activated ligand 

exchange reaction, or a physical activation by Ar+ ion bombardment.25,27 The self-limiting nature 

of ALE enables controlled and conformal etching of materials, which is appealing for the 

fabrication of microelectronic devices with high aspect ratio features.19,23  
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Figure 1.4. Schematic illustration for a generalized atomic layer etching (ALE) cycle. Figure 

adapted from Ref 24.  

George et. al reported a considerable amount of work on thermal ALE using HF in 

combination with different metal precursors.27,30–39 Specifically, in the fluorination-ligand 

exchange reaction approach, HF is used to fluorinate a metal oxide, the resulting metal fluoride is 

then removed through ligand exchange reaction with a metal precursor.27 For example, Al2O3 was 

exposed to HF to form a surface AlF3 layer, which was then removed after exposing to Al(CH3)3 

through releasing volatile AlF(CH3)2, as depicted in Figure 1.5.27 Conversion-based mechanisms 

have also been explored, in which the starting material is first converted into another material prior 

to fluorination and ligand exchange reactions.26,35,37,38 Following the conversion approach, ZnO2 

and SiO2 were etched using HF/TMA, WO3 was etched using BCl3/HF, and TiO2 was etched using 

WF6/BCl3.
26,35,37,40 In addition, the process temperature and the selection of metal precursor can 

largely affect the etching selectivity in thermal ALE.27 For example, the HF/TiCl4 process can etch 

HfO2 but not Al2O3 at 250 °C.39  
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Figure 1.5. Schematic illustration for the fluorination and ligand exchange reactions during 

thermal Al2O3 ALE using HF and Al(CH3)3. Figure adapted from Ref 26.  

1.3. Vapor Phase Infiltration (VPI) 

Parsons et. al has reported an extensive amount of work on ALD on polymers.41 ALD is 

previously explored as a surface modification method for polymers materials by depositing a thin 

and conformal coating of inorganic materials on polymer surfaces. For example, cotton fibers 

deposited with ~1 nm of Al2O3 by ALD showed a hydrophobic surface, in contrast with the 

hydrophilic surface of the uncoated cotton.42,43 While surface-limiting growth of materials should 

be expected for ALD, researchers discovered that unlike inorganic substrates, polymers were 

porous to many ALD precursors.44 The schematic in Figure 1.6 depicts that for polymer substrates 

without reactive sites, precursor molecules can diffuse into the polymers and become entrapped, 

which will lead to subsurface growth and a roughened polymer-coating interface.41 Although that 

the non-ideal ALD growth in polymers was initially considered undesirable, it was actually the 

origin of vapor phase infiltration (VPI) processing for preparing organic-inorganic hybrid 

materials.   

VPI is a processing technique derived from ALD for chemically modifying polymeric 

materials with metal precursors.45 A VPI cycle consists of a precursor dose step, a hold step, and 
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a purge step. The hold step is intended to provide sufficient time for the metal precursor to 

penetrate and react with the polymer substrate. During the cyclic precursor exposure, diffusion, 

entrapment, and reaction of metal precursors with polymer substrates can occur.45 The extent of 

substrate modification during VPI depends on the bulkiness of the substrate, reactivity of the 

substrates, process temperature and pressure.45 VPI processes have been reported to improve the 

mechanical properties of polymeric materials, include spider silk, cellulose fibers, and collagen 

membranes.46–48 Template growth of structured materials can be achieved by applying VPI and 

using the polymer as a sacrificial substrate.49–52 Parsons et al. reported a VPI process using 

trimethyl aluminum and water for modifying polybutylene terephthalate (PBT) fibers.  Subsequent 

calcination of the VPI-treated PBT fibers in air at 450 ˚C, yielded microporous/mesoporous Al2O3 

with shape retention of the starting PBT fibers.51  
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Figure 1.6. Schematic illustration for the mechanism of ALD on unreactive polymers, depicting 

that the diffusion of precursors leads to subsurface growth. Figure adapted from Ref 40. 
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CHAPTER 2. EXPERIMENTAL TOOLS 

 

This chapter is intended to provide a review for the experimental tools that were extensively used 

in this dissertation.  

 

2.1. Atomic Layer Deposition Reactor  

Atomic layer deposition (ALD), atomic layer etching (ALE) and vapor phase infiltration 

(VPI) processes were carried out in home-built batch type ALD reactors. A general design for all 

the reactors used is given in Figure 2.1.1 A reactor system typically consists of a tube chamber (of 

lengths and widths between 24-36 inches and 1.5-3 inches, respectively) and gas delivery lines 

made of stainless steel. The configuration of ALD chamber is designed for the gas flow to be fully 

developed before reaching the growth zone. The reactor chamber and lines are heated using 

resistive heaters controlled by PID controllers.  

Ultra-high purity (99.999%) N2 or Ar served as the carrier gas, is supplied from gas 

cylinders and further purified by passing through an Entegris gatekeeper, which reduces the H2O 

and O2 contents to be less than 100 parts per trillion. Gas flow and precursor dosing are controlled 

by mass flow controllers (MFC) and pneumatically actuated valves (diaphragm valves from 

Swagelok). Switching of valves is controlled by using a custom LabVIEW program to allow 

consistent dosing and purging steps.  

Chemical precursors are contained in glass or stainless steel vessels. The precursor vessels 

are attached to the reactor through the direct port setup. In the direct port setup, the precursor vessel 

is connected to the gas delivery line in one perpendicular line by using necessary VCR fittings and 

a pneumatic actuated valve. When actuated, the precursor vapor is drawn from the vessel due to 

pressure differences (Bernoulli Effect). Direct ports are commonly used for precursors with high 
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vapor pressures. Bubbler setups, in either flow-through or flow-over configurations, are used for 

precursors with low vapor pressures. 

The reactor is pumped down using a votary vane mechanical pump which is filled with 

fluorocarbon oil and equipped with a N2 purge line. The reactor typically pumps down to a base 

pressure between 50 – 100 mTorr. The reactor pressure is monitored by Convectron or Baratron 

pressure gauges. The reactor chamber is separated from the pump by gate or bellow valves. Reactor 

effluent would pass through a two-stage filtering system, which consists of an activated charcoal 

(for scrubbing particles) and a Sodasorb (for neutralizing acidic chemicals) filters before entering 

the pump. In some instances, a quartz crystal microbalance (QCM) probe is installed onto the 

reactor systems for in-situ mass change monitoring. Details on QCM analysis are included in 

Section 2.2 of this chapter.  

The ALD systems are operated in the viscous flow regime. Viscous flow is defined by 

having a Knudsen number < 0.01. The Knudsen number (Kn) is a dimensionless number that 

provides a ratio of the molecular mean free path length (λ) to the diameter of the rector tube (D), 

Kn = λ/ D. The molecular mean free path is then defined as λ = KbT/(2d2p)0.5, where Kb is the 

Boltzmann constant, d is the diameter of the gas molecule, and p is the pressure. Based on the 

Knudsen number for viscous flow, there is a minimum pressure required for a given ALD system 

to be operated under viscous flow.  
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Figure 2.1. Schematic illustration of a tube-flow batch ALD reactor equipped with a quartz crystal 

microbalance (QCM) probe for in-situ mass change monitoring. Figure adapted from Ref 1.  

2.2. Materials Characterization  

2.2.1. Quartz Crystal Microbalance (QCM) 

In-situ monitoring of mass change during etching or deposition was performed using a 

quartz crystal microbalance (QCM). The operation of QCM is based on the piezoelectric effect of 

quartz crystals.2 In QCM, an alternating current is applied to the quartz disc to induce oscillations 

at a known frequency that is specific to the cut of the quartz crystal. AT-cut quartz crystal with an 

oscillation frequency of 6 MHz is used extensively in thesis. The quartz discs consist a pair of gold 

metal electrodes deposited on the top and bottom surfaces for electrical contacts. Assuming that a 

thin, solid and firm layer of materials is added to the surface, the added layer can be treated as an 

extended thickness of the quartz crystal, and the oscillation frequency is dependent on the overall 

crystal thickness.2 The change in mass (∆m) due to materials added or removed from the quartz 

surface can be related to a change in frequency (∆f) by the Sauerbrey’s equation (Equation 2.1), 

where fo is the resonant frequency of the quartz crystal (6 MHz), C is the frequency constant for 

the 6 MHz AT-cut quartz crystal (0.226 Hz/ng), ρ is the density of quartz (2.648 g/cm3), and A is 

the film deposition area (0.36 cm2). The equation is valid as long as ∆f/fo is less than 2% because 
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the film deposited is treated as an extension of the crystal thickness. It should be noted that the 

surface of QCM crystals is rough. The surface roughness generally gives rise a higher mass uptake 

on a fresh crystal. In addition, it is important to be aware that the QCM crystal is sensitive to 

temperature changes which can induce a frequency change and be misinterpreted as a mass change 

during deposition.2 Hence, it is needed to ensure that temperature fluctuations of the reactor 

chamber is carefully monitored and minimized. In order to ensure that deposition occurs only on 

the top surface of the crystal, a purge line is attached to the QCM probe to prevent backside 

deposition and damages of electrical contact.  

 
2.2.2. Fourier-Transform Infrared Spectroscopy (FTIR) 

Fourier-transform infrared spectroscopy (FTIR) is utilized in work to provide information 

on chemical bonding of a sample. FTIR is a form of absorption spectroscopy that measure the 

absorbance or transmission of infrared light through a sample. Unlike other absorption techniques 

that use monochromatic light source, a broadband light source is used in FTIR to allow absorption 

to be measured for the full spectrum of wavelengths.3  Upon absorption of infrared waves, 

molecules vibrate at frequencies that are characteristic to their bonding structures. An 

interferogram is generated as the raw data and processed using Fourier transforms to form a 

spectrum that contains the different vibration modes observed at different wavenumbers (inverse 

of wavelengths).3 For a molecules exhibits a dipole moment, there are different vibrational modes 

associated with it, such as stretching, bending, scissoring and rocking modes. In addition, the 

measured mode can shift depending on the bonding environment.  

A home-built ALD reactor with FTIR capability was utilized for both ex-situ and in-situ 

FTIR analyses, as depicted in Figure 2.2.4 FTIR measurements was performed using a 
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ThermoNicolet 6700 spectrometer with DTGS detector for ex-situ analysis and MCT-A detector 

for in-situ analysis. Spectra were collected in transmission mode with 200 scans for a wavelength 

range of 600 – 4000 cm-1 at 4 cm-1 resolution. This in-situ FTIR reactor system allows us to study 

chemical changes of the substrate induced upon different precursor exposures under vacuum, 

hence ambient exposure is avoided.  During a precursor exposure step, the two gate-valves are 

closed to prevent the (KBr) IR windows from chemical attacks. Upon purging and pump down, 

the gate-valves are opened to allow an IR spectrum to be collected. For in-situ FTIR analysis, the 

spectra are often processed to show differential changes. The resulting differential spectrum shows 

negative and positive peaks for loss and gain of chemical bonds, respectively.  

 

Figure 2.2. Schematic illustration of the ALD reactor for in-situ FTIR analysis. Figure adapted 

from Ref 4.  

2.2.3. Spectroscopic Ellipsometry (SE) 

Spectroscopic ellipsometry (SE) is an optical technique used for investigating thin film 

properties, such as the film thickness and optical constants (refractive index and dielectric 

constant). Specifically, the SE technique measures the change in polarization state of an incident 

light at multiple wavelengths that reflects from a sample surface. A plane of incidence is defined 

by the incident and reflected lights, and lights can be resolved into P-polarized and S-polarized 
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components with electric field vectors parallel and perpendicular to the plane of incidence. The 

reflected light undergoes changes in the amplitude component (∆) and phase difference (Ψ) for 

both P- and S-polarized lights. The change in polarization () is defined as a complex reflectivity 

ratio of P- and S-polarized lights and is expressed as  = tan (Ψ) ei∆.5,6 

Modelling of the raw ellipsometric parameters, the amplitude component (∆) and the phase 

difference (Ψ) are then performed then to determine the material properties. The Cauchy dispersion 

model is used for modelling of transparent thin films, such as metal oxides. In addition, the 

amplitude component (∆) is sensitive towards surface inhomogeneity.7 Measuring ∆ as a function 

of deposition cycles, can be used to determine whether growth proceeds via layer-by-layer or 

island modes.6 The SE data reported in this work was collected from a J.A. Woollam alpha-SE 

ellipsometer (at a fixed incidence angle of 70 ˚ for a wavelength range of 380-890 nm) with the 

CompleteEASE software.  

2.2.4. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy 

(EDS) 

Morphology of samples was examined using scanning electron microscopy (SEM). All 

SEM results presented in this work were collected from a FEI Verios 460L field emission SEM at 

the Analytical Instrument Facility (AIF) at North Carolina State University (NCSU). SEM uses a 

focused electron beam to scan over the sample of a surface. In a SEM column, electrons are 

produced from a source at the top of the column and accelerated down and passed a series of 

condenser lens and apertures, to produce the focused electron beam that will strike the sample 

surface. Depending the accelerating voltage, the penetration depth of the electron beam is a few 

microns. As the high energy electrons, also known as primary electrons, interact with the sample, 

various signals are generated, including secondary electrons (SE), backscattered electrons (BSE), 
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characteristic X-rays and others.8 SE are the low energy electron emitted from shallow regions of 

the sample surface. Hence, SE imaging can produce high-resolution images of sample surface and 

is extensively utilized in this work to produce topographic SEM images. All of the SEM imaging 

was performed in secondary electron mode using two low-energy electron detectors: the Everhart-

Thornley detector (ETD) for use in low-resolution or field free imaging mode, and the through-

the-lens detector (TLD) for use in high-resolution or immersion mode.  

In addition, characteristic X-rays generated during SEM imaging can be used to for 

elemental analysis by energy dispersive X-ray spectroscopy (EDS).  The EDS results reported in 

this work were collected using the Verios SEM equipped with an Oxford EDS detector. When an 

inner-shell electron excited by an electron beam (or any charged particles), the electron will be 

ejected from the shell and creating an electron hole.8 A higher-shell electron, emits energy in form 

of X-ray in order to lower its energy and fill the hole at the inner-shell.8 The emitted X-ray is 

characteristic to the element which it derives from. Based on this, the elemental composition of 

the sample can be determined by EDS measurements. Since characteristic X-rays are generated in 

deeper regions than SE and BSE, EDS is typically intended for bulk composition measurements.  

2.2.5. X-Ray Photoelectron Spectroscopy (XPS) 

X-Ray Photoelectron Spectroscopy is a surface sensitive technique for analyzing elemental 

composition and chemical states of surfaces. ~10 nm into the sample surface is analyzed in XPS. 

An X-ray source is used to excite and cause emission of photoelectrons from a surface. Aluminum 

and magnesium anodes are two commonly used X-ray sources. XPS measures the quantity and the 

kinetic energy of the emitted electrons (Ekinetic) under ultra-high vacuum (<10-9 Torr). The binding 

energy of emitted electrons (Ebinding) can then be determined using Equation 2.2, where Ephoton is 

the energy of the X-ray source and ϕ is the work function of the spectrometer. Each element has 
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its characteristic binding energy levels. In this work, a SPECS system with a PHOIBOS 150 

analyzer at the AIF and NCSU was used for XPS analysis. The magnesium anode source was sued 

for all data collection. All XPS scans were calibrated using the adventitious carbon peak at 285 

eV.  

Ebinding = Ephoton – (Ekinetic + ϕ)        (2.2) 
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CHAPTER 3. THERMALLY-DRIVEN SELF-LIMITING ATOMIC LAYER 

ETCHING OF METALLIC TUNGSTEN USING WF6 AND O2 

 

This following chapter is reproduced with permission from Wenyi Xie, Paul C. Lemaire, and 

Gregory N. Parsons. ACS Appl. Mater. Interfaces, 2018, 10, 10, 9147-9154 

 

3.1. Abstract 

The semiconductor industry faces a tremendous challenge in the development of transistor 

device with sub-10nm complex features. Self-limiting atomic layer etching (ALE) is essential for 

enabling the manufacturing of complex transistor structures. In this study, we demonstrated a 

thermally driven ALE process for tungsten (W) using sequential exposures of O2 and WF6. Based 

on the insight gained from the previous study on TiO2 thermal ALE, we proposed that etching of 

W could proceed in two sequential reaction steps at 300 °C: 1) oxidation of metallic tungsten using 

O2 or O3 to form WO3(s), and 2) formation and removal of volatile WO2F2(g) during the reaction 

between WO3(s) and WF6(g). The O2/WF6 etch process was experimentally studied using quartz 

crystal microbalance (QCM). We find that that both the O2 and WF6 ALE half reactions are self-

limiting, with an estimated steady-state etch rate of ~ 6.3 Å/cycle at 300 °C.  We also find that 

etching of W proceeds readily at 300 °C, but not at temperatures lower than 275 °C. 

Thermodynamic modeling reveals that the observed temperature dependence is likely due to the 

limited volatility of WO2F2. Using WF6 with O3 in place of O2 also allows W etching, where the 

stronger oxidant leads to a larger mass removal rate per cycle.  However, we find O2 to be more 

controllable for precise metal removal per cycle.  In addition, etched W films were examined with 

ex-situ analytical tools. Using spectroscopic ellipsometry (SE) and scanning electron microscopy 
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(SEM), we confirm etching of tungsten film on silicon substrates. Surface analysis by x-ray 

photoelectron spectroscopy (XPS) revealed a minimal fluorine content on the W film after partial 

etching, and on the silicon surface after full etching. This suggests that W ALE does not 

significantly alter the chemical composition of W films.  This work serves to increase the 

understanding on ALE reactions and expand the base of available ALE processes for advanced 

material processing.  

3.2. Introduction 

Atomic layer etching (ALE) processes are of great interest to the semiconductor industry 

because they allow material removal of inorganic thin films to be controlled at the nano- and sub-

nano-scales. New approaches to ALE hold promise for manufacturing novel transistor 

architectures by enabling highly selective material removal and deposition, for example, to avoid 

damage to fragile interlayer dielectrics during chemical mechanical polishing (CMP).1 ALE 

typically proceeds in two sequential self-limiting reactions: a surface modification step followed 

by a material removal step. Current ALE processes typically utilize an energy enhancement 

strategy, where the substrate surface is first modified with a halogen source, and the resulting 

modified surface layer is removed by ion bombardment.1–3 For example, in Si ALE, Cl2 gas is used 

to generate a Cl plasma to modify the Si surface, then the resulting Si-Cl surface layer is removed 

by Ar+ bombardment. Energy enhanced ALE has been described for a range of metal oxides and 

metals.  

A growing amount of research is addressing thermally-driven ALE.4–8 Thermal ALE can 

allow better control of etch rate and avoids plasma induced damage of sensitive device features.8 

George et al. demonstrated several  thermal ALE approaches, including a process based on the 

fluorination and ligand exchange reaction scheme for metal oxides.8 For example, Al2O3 thermal 
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ALE was developed using sequential exposures of HF and Sn(acac)2.
6  In the modification step, 

the metal oxide substrate was first exposed to HF to form nonvolatile metal fluoride. The metal 

fluoride can passivate the metal oxide and prevent further reaction with HF. During the Sn(acac)2 

exposure, the metal fluoride surface layer was removed via ligand exchange reaction with 

Sn(acac)2 to form volatile AlF2(acac) and SnF(acac) species; as a result, the metal oxide surface 

was restored.  

Tungsten metal is commonly found in integrated circuits as an interconnect layer and 

diffusion barrier.9,10 Controlled W etching processes are of interest for future device fabrication. 

A three-step thermal W ALE process is recently reported by George et al. consisted of sequential 

reactions with ozone (O3), BCl3, and HF.11 The process proceeds by oxidation of W with O3 to 

form WO3(s) at 207 °C, followed by exposure to BCl3 to convert WO3(s) to B2O3(s). The third 

step is then spontaneous etching of B2O3(s) by HF to form volatile BF3(g).  While a low 

temperature is highly desirable, a downside is that each thermally activated reaction step can 

require long dose times to achieve saturation.  For example, under steady-state conditions at 207 

°C, removing ~ 2.56 Å of W per cycle requires dose times of 45 s for O3, ~ 8 s for BCl3 and 47 s 

for HF.  In addition, the highly polar HF tends to stick on reactor wall via hydrogen bonding,12 

requiring long purge times between steps. A further problem is that water produced as a byproduct 

during the HF reaction may alter W oxidation and affect the etch rate in the following etch cycle.  

Our group recently reported thermal TiO2 ALE using tungsten hexafluoride (WF6) and 

boron trichloride (BCl3) at 170 °C.13 WF6 is commercially available and commonly used in the 

semiconductor industry.14 WF6 is highly volatile at room temperature and has zero net dipole 

moment.  Therefore, WF6 is a less sticky fluorinating agent comparing to HF and can be purged 

out of reactor more readily. While HF fluorination of TiO2 is endothermic (ΔG = 6.9 kcal/mol), 
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fluorination of TiO2 with WF6 is thermodynamically favorable with a ΔG of -14.9 kcal/mol which 

in part enabled the development of our thermal TiO2 ALE process. In our TiO2 ALE study, we 

found that TiO2 could react with WF6(g) at 170 °C to form WO3(s) and TiF4(s). The non-volatile 

species can be removed upon reaction with BCl3(g) to form volatile TiCl4(g) and WOCl4(g).  In 

addition, WF6 can further react with WO3(s) to form volatile WO2F2(g) at 220 °C. We were 

inspired by this finding and hence proposed a two-step oxidation-etch process for atomic layer 

etching of metallic tungsten (W) using sequential exposures of O2 and WF6.  

In this study, in-situ quartz crystal microbalance (QCM) was used to investigate oxidation-

etch as a viable sequence for W atomic layer etching. We find that that O2/WF6 process exhibits 

self-limiting characteristics in the oxidation and etching half reactions, and the temperature 

dependence is consistent with the expected limited volatility of WO2F2. Etched W films on silicon 

substrates were characterized using ex-situ analytical tools. Removal of tungsten film on silicon 

substrates were confirmed with spectroscopic ellipsometry (SE) and scanning electron microscopy 

(SEM).  Surface analysis by XPS shows that the etched W film and the surface after W removal 

do not have any appreciable fluorine content.   

3.3. Experimental Section 

3.3.1. Atomic Layer Deposition/Etching Reactor with In-Situ Quartz Crystal Microbalance 

Deposition and etching were carried out in a home-built atomic layer deposition/atomic 

layer etching (ALD/ALE) reactor described previously.15 The mass changes during deposition and 

etching were monitored by an in-situ quartz crystal microbalance (QCM). A 6 MHz gold coated 

QCM sensor (Inficon) was mounted on a customized QCM housing. The mass change signals were 

detected by an Inficon SQM-160 monitor and recorded using a home designed LabView program. 

The reactor was heated resistively using PID controllers. Ultra-high purity Ar gas (99.999%, 
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ARC3) used as carrier and purge gas, was further purified using an Entegris Gate-Keeper before 

entering the reactor. Under experimental conditions, the reactor was supplied with a constant flow 

of 210 sccm of Ar, and an additional 40 sccm of Ar back purge was applied to the QCM crystal to 

prevent backside deposition. The total of 250 sccm Ar flow gave rise to the operating pressure of 

~ 1.7 Torr.  

Prior to etching experiments, fresh tungsten ALD films were deposited in the same reactor 

on the in-situ QCM crystals. Etching then proceeded without exposing the surface to ambient. 

Tungsten deposition was performed by alternatively pulsing 2% silane (SiH4; 2% in Ar, Custom 

Gas Solutions), and tungsten hexafluoride (WF6; 99.99%, Galaxy Chemical) with Ar purge step 

in between each reactant exposure. A cycle of tungsten ALD followed the sequence of 

SiH4/Ar/WF6/Ar = 45/45/1/60 s, respectively. The ALD growth of tungsten using dilute SiH4 and 

WF6 has been described elsewhere.15  

The tungsten etching experiments with QCM was performed at temperatures from 220 to 

300 °C. Controlled etching was carried out using sequential exposures of O2 (99.999%, ARC3) 

and WF6. In some experiments, ozone (O3; ~ 20% in O2) was used instead of O2 as the oxidant 

source. O3 was generated by flowing O2 through an MKS AX8560 ozone generator. The O2/O3 

and WF6 doses generated consistent pressure changes of ~ 0.9 and ~ 0.25 Torr, respectively.  

3.3.2. Substrate Preparation, Ex-Situ Film Analysis and Thermodynamic Modeling  

Ex-situ study of tungsten etching was performed on silicon and silicon oxide substrates. 

Silicon (Si; boron doped Si (100) 6-10 Ω-cm, WRS Materials) and silicon oxide (SiO2; Si (100) 

6-10 Ω-cm with 100 nm thermal SiO2, WRS Materials) wafers were cut into ~ 1cm x 1cm pieces.  

Si and SiO2 substrates were cleaned in a hot piranha bath (1:1 H2O2:H2SO4 by volume) for ~ 30 

min, rinsed in deionized (DI) water, and stored in DI water. Immediately prior to tungsten ALD, 
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the SiO2 substrates were rinsed in DI water and dried under flowing N2 (100 psi). To form 

hydrogen-terminated silicon (Si-H), the piranha cleaned Si substrates were further treated with a 

dilute hydrofluoric acid (5 vol. %) for 30 s followed by a DI water rinse and dried under N2 flow. 

Etching of tungsten films on Si-H and SiO2 surfaces were characterized using ex-situ 

analytical tools. Spectroscopic ellipsometry (SE) data were obtained with a J.A. Woollam alpha-

SE ellipsometer at a fixed angle of 70°. Sheet resistance was measured using a 4-point probe 

(Jandel multi-height probe with RMS-AR test unit) with an upper detection limit of 107 Ω/□, 

beyond which the contact limit condition was yielded. Film morphology after etching on SiO2 

were imaged using a FEI Verios 460L scanning electron microscope (SEM). Samples were not 

sputter coated with any conductive coating for SEM imaging. Chemical analysis was done using 

a SPECS X-ray photoelectron spectroscopy (XPS) system with a PHOIBOS 150 analyzer. Spectra 

were generated using an Mg Kα source operated at 300 W. For all XPS data analyses, data 

reduction and fitting were carried out using CasaXPS software with charge compensation based 

on the C 1s (C-C, C-H) peak set 285 eV. 

Gibbs free energy values and equilibrium amounts in closed systems were calculated using 

HSC Chemistry 7.1 software. For the equilibrium composition calculation, the starting input 

amounts consisted of 5 mol N2, 0.5 mol WF6, and 1 mol tungsten trioxide (WO3) were used. 25 

measurements were performed from 25 to 400 °C at 1.5 Torr (0.002 bar). 

3.4. Results and Discussion 

3.4.1. Etching of W Using O2/WF6  

We first tested etching of tungsten using sequential exposures of O2 and WF6 with QCM. 

Prior to etching experiment, tungsten was deposited on the QCM crystal via ALD using the 

exposure sequence of 2% SiH4/Ar/WF6/Ar = 45/45/1/60 s. Deposition and etching were performed 
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at 300 °C. An etch cycle was performed using 1 O2 exposure that consisted of 45 s O2 dose, and 

45 s Ar purge, followed by 5 WF6 exposures that each consisted of 1 s WF6 dose and 45 s Ar purge. 

The exposure sequence followed 1 (O2/Ar)/ 5 (WF6/Ar) = 1 (45/45)/ 5 (1/60) s. The oxidant and 

WF6 exposures produced pressure changes of ~0.9 and 0.25 Torr, respectively.  

Figure 4.1a shows the mass change versus time of W ALD, followed by W etching using 

O2 and WF6 at 300 °C. The results in Figure 3.1a show linear mass increase during W ALD, 

following by a steady state average mass change per cycle of -998 ng/cm2 during the ALE process. 

We propose the following binary reaction sequence for the etch process: 

W + 1.5O2(g) → WO3(s) 

2WO3(s) + WF6(g) → 3WO2F2(g) 

Careful examination of the data in Figure 3.1a shows a mass loss that is somewhat larger 

during the first few cycles before reaching steady state etching.  This etch initiation is discussed in 

detail below.  An example magnified QCM trace for steady state etching, corresponding to the 5th 

cycle in Figure 3.1a, is shown in Figure 3.1b.  At steady state at 300 °C, the O2 exposure step 

shows an average mass gain of 131 ng/cm2. Using the bulk WO3 density of 7.16 g/cm3, the mass 

gain correlates to formation of ~ 2.7 nmol/cm2 or ~ 8.7 Å of WO3.  The subsequent WF6 exposure 

steps lead to an average mass loss of -1129 ng/cm2, or ~ 3.0 nmol/cm2 of WO3, which is close to 

the amount of WO3 formed during the oxidation. We note that during steady-state etching in Figure 

3.1b, the 1st WF6 sub-dose produces a relatively small mass loss, with most of the etching occurring 

during the 2nd WF6 sub-dose step. We ascribe this to an incubation period for the surface to become 

sufficiently fluorinated to create volatile product species.  Each etch cycle at 300 °C shows the 

same incubation behavior for mass loss during the WF6 sub-dose sequence. We also see that that 
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the 3rd and further WF6 sub-doses produce little mass change, indicating the self-limiting 

characteristic of the O2/WF6 process.  

 

Figure 3.1. (a) QCM analysis of 20 W ALD cycles followed by 20 W etch cycles using O2 and 

WF6 at 300°C and (b) an expansion of a) showing mass change versus time for 1 O2/WF6 etch 

cycle.  The reactant exposure times were O2/Ar/ 5(WF6/Ar) = 45/45/ 5(1/45) seconds, respectively. 

We also tested O3 as the oxidant agent coupling with WF6 for W etching.  Figure 3.2 shows 

the mass change versus time for 1 O3 (~ 20% O3 in O2)/ WF6 cycle at 300 °C. A continuous mass 

loss towards WF6 was measured and saturation could not be reached within 5 WF6 exposures. O3 

is a stronger oxidant than O2 with a mass gain of 292 ng/cm2 measured during O3 exposure, 

approximately 2x the mass gain observed during the O2 exposure (Figure 3.1). The stronger 

oxidation effect of O3 may give rise to the continuous mass loss towards WF6. In addition, the O3 

oxidized film shows a longer incubation period during WF6 reaction where small mass losses are 

measured in the first 3 WF6 doses (Figure 3.2). As a more reactive and stronger oxidant, O3 may 

form a thicker and denser surface oxide compared to O2, requiring a longer incubation period to 

become activated for etching to occur. Tungsten oxidation in O2 at temperatures < 300 °C is limited 
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to formation of thin WO3 layer.16 For more precise metal removal per cycle, O2 appears to be a 

more controllable oxidant than O3 for thermal W ALE. 

 

Figure 3.2. QCM analysis results showing mass change versus time for 1 O3/WF6 cycle at 300 °C.  

Control experiments were performed where freshly deposited W surfaces were exposed to 

repeated doses of only O2, O3 or WF6, respectively. The QCM results in Figure 3.3 show the mass 

change versus time for multiple exposures of O2, O3 and WF6 at 300 °C. The results in Figure 3.3 

indicate that exposures of O2, O3 and WF6 by themselves resulted in small amount of mass loss 

initially but no notable etching at steady state. The initial mass loss in the control experiments can 

be related to the starting W surface (vide infra). Nevertheless, we can conclude that the exposure 

of oxidation agent or WF6 alone does not lead to an appreciable extent of etching.  



   

37 

 

 

Figure 3.3. QCM analysis of 20 W ALD cycles followed by 40 O2, 60 WF6, and 40 O3 doses at 

300 °C, respectively.  

Thermodynamic calculations based on minimizing free energy were performed to 

determine the probable products that were formed during W etching using O2 and WF6.  The mass 

gain of 131.2 ng/cm2 measured during O2 exposure can be attributed to oxidation of metallic 

tungsten by W(s) + 1.5 O2(g) → WO3(s). This oxidation reaction is favorable at 300 °C with ∆G = -

692.4 kJ per mol of W. When the WO3 surface is exposed to WF6, a mass loss of -1129 ng/cm2 is 

measured with QCM as shown in Figure 3.1a. To evaluate the reaction between WF6 and WO3, 

Figure 3.4 shows the calculated equilibrium composition for a closed system initially consisted of 

0.5 mol of WO3 and 1.0 mol of WF6 from 25 to 400 °C. At ~ 150 °C, WF6 begins to react with 

solid WO3 to form volatile WO2F2(g). At 300 °C, WO3 is completely reacted to form WO2F2(g). 
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Etching of WO3 by WF6 and formation of volatile WO2F2 etch product were reported in previous 

studies.17,18 Our modeling result is consistent with these previous reports.  

 

Figure 3.4. Thermodynamic modeling results showing the expected equilibrium species and 

concentrations from 25 to 400 °C for a closed system at 1.5 Torr, initially consisted of 0.5 mol 

WO3 and 1.0 mol of WF6.  

3.4.2. Self-Limiting Behavior of O2/WF6 Etch Process 

The self-limiting nature of the O2/WF6 etch process is characterized using QCM and results 

are shown Figure 3.5. For these experiments, the net exposure per cycle of one reactant is changed 

(i.e., by changing the number of sub-doses per cycle) while the other is held constant, and the 

steady state average mass change per cycle is evaluated as a function of exposure. In Figure 3.5a, 

the number of O2 sub-doses is varied while the number of WF6 sub-doses is fixed at 3 per cycle. 

The reaction sequence follows “n”(O2/ Ar)/ 3(WF6/ Ar) = “n”(45/ 45)/ 3(1/ 45) s, respectively. As 

the number of O2 sub-doses is increased, the average mass change per cycle decreases and plateaus 
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at ~ -1200 ng/cm2. This result reveals that the oxidation reaction is self-limiting. Figure 3.5a 

indicates that two O2 sub-doses are sufficient for saturation of the O2 oxidation reaction.  

Figure 3.5b analyzes the self-limiting nature of the WF6 reaction. The number of WF6 sub-

doses is varied while the number of O2 sub-doses is fixed at 2 per cycle. The reaction sequence 

follows 2(O2/ Ar)/ “n”(WF6/ Ar) = 2(45/ 45)/ “n”(1/ 45) s, respectively. The mass change per cycle 

displays nearly self-limiting behavior. As the number of WF6 exposure increases from 3 to 5, the 

mass change per cycle increases slightly from -1215 to -1455 ng/cm2, and 3 WF6 exposures are 

sufficient for the WF6 etching reaction to reach saturation. The QCM results in Figure 3.5 show 

that the two half reactions of the etch process are self-limiting and display saturation in both O2 

and WF6 exposures.  Therefore, we conclude that thermal atomic layer etching of W can be 

achieved using O2 and WF6 at 300°C.     

 

Figure 3.5. Steady state average mass change per cycle of W etching at 300 °C, where (a) the 

number of O2 exposures is varied while the number of WF6 exposure is fixed at 3 and (b) the 

number of WF6 exposures is varied while number of the O2 exposure is fixed at 2. 20 – 40 W ALD 

cycles were deposited and followed by 15 – 20 W etch cycles.  
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3.4.3. Temperature Dependence of O2/WF6 Etch Process 

The temperature dependence of the O2/WF6 etch process is characterized using QCM 

analysis and results are shown in Figure 3.6. Figure 3.6a shows mass change versus time of W 

ALD followed by W etching using O2 and WF6 for temperatures between 220 and 300 °C. In this 

set of experiments, the reactant exposure sequence follows 2(O2/ Ar)/ 3(WF6/ Ar) = 2(45/ 45)/ 3(1/ 

45) s. In Figure 3.6a, a sudden increase in mass change appeared at ~ 11000s in the data at 275 °C. 

Since the run proceeded for over 3 hours, the sudden mass change measured at 275 °C is likely a 

glitch during data collection resulting from small temperature drifts. We note that W etching at 

275 °C also shows incubation behavior during WF6 etching reaction as shown in Figure 3.6b, 

where the 1st and 2nd WF6 dose produce small mass changes, and the major mass loss occurs during 

the 3rd WF6 dose.  We find that the etch rate reduces as temperature decreases from 300 to 220 °C. 

Figure 3.6b shows an expansion of the QCM results in Figure 3.6a for 1 etch cycle and reveals that 

the mass loss of WF6 reaction is smaller at lower temperatures. The reduction in mass loss is 

ascribed to the lower volatility of WO2F2 at lower temperatures. The observed temperature 

dependence is consistent with the trend predicted by the thermodynamic modeling. As the 

temperature decreases from 300 to 220 °C, the mass change per cycle for W ALD decreases 

slightly from 1610 to 1355 ng/cm2, but it decreases significantly from -1215 to -66 ng/cm2 for W 

etching. The steady state average mass change per cycle at 300 °C corresponds to an estimated rate 

of ~ -6.3 Å/cycle (assuming a density of 19.3 g/cm3 for W), which decreases notably to ~ -0.34 
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Å/cycle at 220 °C.   The etch rate at 300°C is slightly smaller than the ALD rate under the growth 

conditions used (~ 6.3 vs. 8.3 Å/cycle).  

 

Figure 3.6. (a) QCM analysis of W ALD followed by W etching using O2 and WF6 at temperatures 

between 300 °C to 220 °C and (b) an expansion of (a) showing mass change versus time for 1 

O2/WF6 etch cycle at different temperatures. 

3.4.4. Initial vs. Steady State Etch Rate  

As mentioned above we find the etch rate for the first few ALE cycles to be different from 

the etch rate at steady state. Similar trends were reported for TiO2 thermal ALE using WF6/BCl3.
13   

The change in etch rate as a function of ALE cycle suggests that the surface composition of the 

etch surface at steady state is different from the starting surface immediately after W ALD. The 

starting surface may consist of some initial F to W and O to W ratios, denoted as [F/W]initial and 

[O/W]initial. For freshly deposited W films, [O/W]initial is approximately equal to 0. Upon etching, 

the etch surface may contain different F to W and O to W ratios which can be expressed as [F/W]s.s. 

and [O/W]s.s., such that [F/W]initial ≠ [F/W]s.s. and [O/W]s.s.  ≠ [F/W]initial ≠ 0. Therefore, we can 
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expect the rate of oxidation of the starting surface is not equivalent to the rate of oxidation of the 

etch surface. When the same amount of O2 exposure is applied to the starting surface and the 

previously etched surface, we expect the amount of WO3 formed to be different on the starting and 

etch surfaces. Therefore, during the WF6 reaction with a fixed number of WF6 sub-doses, the 

amount of WO3 removed from the starting surface (during initial cycles) will be different from the 

amount of WO3 removed from the etch surface at steady state conditions.   

To demonstrate the change in etch rate as a function of ALE cycle, Figure 3.7 shows mass 

change after the O2 exposure (∆MO2), mass change after the WF6 exposure (∆MWF6), and net mass 

change (∆MCycle) extracted at each cycle from the QCM data in Figure 3.1.  We can see the ∆MCycle 

is largest during the initial ALE cycles and reaches the steady state value of ~ -1000 ng/cm2 after 

~ 5 cycles. The measured mass loss occurs primarily during the WF6 dose, as expected from the 

etch reaction stoichiometry shown above. In addition, the results in Figure 3.7 show a net mass 

loss during the first few O2 exposure cycles, before a net mass gain of 131 ng/(cm2 cycle) is 

achieved at steady state. Etching during early O2 exposures is ascribed to the expected surface 

composition of the starting surface immediately after W ALD.  After completing W ALD, the 

tungsten surface contains fluorine from WF6, and this surface fluorine enables formation of some 

volatile WO2F2, resulting in an additional mass loss, which contributes to a larger etch rate during 

the early cycles of etching.  

The control experiments in Figure 3.2 also confirm presence of etching during O2 exposure 

immediately after W ALD.  When the WF6 dose time increased from 1s to 2s (data not shown 

here), we notice a smaller mass gain during O2 reaction and the steady state etch rate decreases. In 

this case, the etched surface may become more fluorinated after a larger WF6 exposure which then 

affects the extent of oxidation as well as the etch rate in the following cycles. Therefore, the surface 
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reaction rates will evolve as etching progresses from the starting surface to steady-state ALE.  We 

expect this to be a general feature of thermal ALE that will be observed to various degrees for 

different etch materials and ALE process conditions.   

 

 

Figure 3.7. Mass change after O2 exposures (∆MO2), mass change after WF6 exposures (∆MWF6), 

and net mass change per cycle (∆MCycle) for 20 O2/WF6 etch cycles at 300 °C. This data was 

extracted from the results presented in Figure 3.1.  

3.4.5. Physical Confirmation of W Atomic Layer Etching on SiO2 and Si-H  

In addition to QCM analysis, we also used ex-situ analytical tools to characterize partially 

and fully etched tungsten films on Si-H and SiO2 substrates. For these tests, 30 cycles of tungsten 

were deposited on both substrates via ALD at 300 °C, followed by different number of O2/WF6 

cycle at 300 °C. The O2/WF6 etch process was performed using the exposure sequence of 1(O2/ 

Ar)/ 3(WF6/ Ar) = 1(45/45)/ 3(1/45) s. In a separate study, we tested etching of silicon substrates 
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using WF6 and we found that WF6 could not etch silicon oxide. Therefore, the Si substrates 

deposited with W would not be etched during the O2/WF6 etch process.  

For the SE analysis, we traced tungsten etching by monitoring the ellipsometry delta 

parameter at 700 nm (∆700nm). This approach follows the method previously described19 to monitor 

the evolution of ALD W nucleation on Si-H and SiO2 surfaces.19,20  For this experiment, clean Si-

H and SiO2 surfaces were coated with 30 cycles of W ALD at 300°C. Figure 3.8a shows ∆700nm as 

a function of ALE cycle at 300 °C for W etching on Si-H and SiO2 substrates. On SiO2, the delta 

parameter is initially ~ 110°, consistent with a coalesced W film ~8-12 nm thick.19 After 10 to 15 

ALE cycles the delta parameter decreases to ~ 45° then increases to ~ 78° after 30 cycles. This 

transition is the inverse of that observed for nucleation during W ALD on SiO2
19, and after 30 ALE 

cycles, the final value of ∆700 = 78° corresponds to a clean SiO2 surface.  On the Si-H surface, the 

as-deposited W film shows a delta parameter of ~ 140°, corresponding to ~24-28 nm of W.  The 

thicker film on Si-H vs SiO2 results from faster W nucleation on Si compared to SiO2.  After 30 

ALE cycles, ∆700nm increases from 140 to ~ 150°.  A clean Si-H shows ∆700nm ~ 180°, so as 

expected, 30 ALE cycles is not sufficient to fully remove the thicker W film from the Si-H surface.  

Sheet resistance of the as-deposited and etched W films on SiO2 substrate was measured 

using a four-point probe and the results are shown Figure 3.8b.  The samples are the same as shown 

in Figure 3.8a.  The sheet resistance is initially small (< 0.5 kΩ/□), indicating a coalesced and 

conductive W film. After 15 etch cycles, the sheet resistance increases significantly and reaches 

the contact limit condition. This implies that the surface is no longer a continuous W film. Based 

on the SE and sheet resistance results, W ALE can remove W metal from SiO2 while leaving W 

metal on Si-H. Therefore, combining W ALD with W ALE could be a promising mean to 
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enhancing the substrate selectivity of W growth on Si-H and SiO2 surfaces, via an intermittent 

etch-back process step. 

 

Figure 3.8. (a) SE delta parameter at 700 nm (∆700nm) of a W ALD film on Si-H and SiO2 and (b) 

sheet resistance of a W ALD film on SiO2 following 0, 5, 10, 15, 20 and 30 W etch cycles at 300 

°C. 

3.4.6. Morphology of Etched W films on SiO2 

Morphology of partially and fully etched W films on SiO2 substrate was examined using 

SEM. Figure 3.9 displays SEM images for a tungsten ALD film prior to etching and after different 

etch cycles. SEM imaging reveals the removal of tungsten as a result of etching. The tungsten 

surface was initially a coalesced film. The surface became patchy after 10 – 15 etch cycles. 

Disjointed islands of W particles were shown after 20 etch cycles, and no appreciable amount of 

tungsten can be found after 30 cycles. The observed morphological changes support the trend in 

sheet resistance; when the W films become discontinuous after 10 – 15 etch cycles, the sheet 

resistance increases significantly.  Surface roughness of these films were not directly 
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characterized, and we therefore do not draw conclusions regarding roughness from these SEM 

images.  

 

 

Figure 3.9. Morphology of a W ALD film on SiO2 following 0, 10, 15, 20 and 30 W etch cycles 

at 300 °C. The W etch process follows the exposure sequence of 1(O2/ Ar)/ 3(WF6/ Ar) = 1(45/ 

45)/ 3(1/ 45) s. 

3.4.7. Surface Analysis of Partially and Fully Etched W films on SiO2  

The etched W film surfaces on SiO2 substrate were analyzed using XPS. Figure 3.10 

displays the high-resolution scans of W 4f, F 1s, Si 2p and O 1s peaks for the etched W films with 

increasing number of etch cycles. The F1s scans in Figure 3.10b shows that there is very little 

fluorine present on the W surface after both partial and complete etching. The W4f scan for the “0 

cy” sample (Figure 3.10a) shows the W4f doublet located ~ 38 and 36 eV are shifted ~ 0.5 eV into 

higher binding energies compared to oxidized tungsten.13 The increase in binding energies of the 

W-O peak supports the presence of W-F species remained from W ALD process. This is consistent 

with the observed O2 etching during the initial etch cycles (Figure 3.7). The W 4f scans in Figure 

3.10a show that the intensity of metallic W and W-O decreases as the etch cycle increases. As the 
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W film is etched away, the SiO2 substrate becomes uncovered and the surface Si-O intensity 

increases as shown in Figure 3.10c. In addition, the O 1s scans in Figure 3.10d also show that the 

etch surface is initially rich in W-O, but the Si-O peak appears after 15 etch cycles and 

accompanied by a decrease in W-O peak intensity. The noted surface change after 15 etch cycles 

supports the observed QCM results as well as the increase in the sheet resistance and changes in 

film morphology.  

 

Figure 3.10. High resolution XPS scans of (a) W4f, (b) F1s, (c) Si2p and (d) O1s regions for a W 

ALD film on SiO2 following 0, 5, 10, 15, 20, and 30 W etch cycles at 300 °C.  
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3.5. Conclusion 

This work demonstrates a low-temperature thermal ALE process for tungsten using O2 and 

WF6. The O2/WF6 process shows saturating self-limiting atomic layer etching, as confirmed by in-

situ QCM analysis.  The O2/WF6 process is strongly temperature dependent. The estimated etch 

rate decreases from ~ 6.3 Å/cycle at 300 °C to 0.34 Å/cycle to 220 °C. The observed temperature 

dependence is consistent with thermodynamic modeling and is ascribed to the volatility of the 

WO2F2 etch product, where WO2F2 forms readily at T ≥ 275 °C, but the volatility is limited for 

temperatures < 275 °C. We also showed that the etch rate during initial ALE cycles was larger than 

at steady state etch rate, and this is ascribed in part to fluorine on the W surface after W ALD 

promoting WO2F2 formation during O2 exposure. The etching of W deposited on Si-H and SiO2 

substrates was confirmed using ex-situ spectroscopic ellipsometry and X-ray photoelectron 

spectroscopy.  We showed that W growth on SiO2 substrate can be removed while maintaining 

some W present on Si-H. Therefore, W ALE can be promising for improving the growth selectivity 

of W between Si-H and SiO2.  SEM imaging of the etched W films on SiO2 further confirmed the 

removal of W by etching. Surface analysis by XPS showed a minimal fluorine content in the etched 

W films. This indicates that the chemical composition of etched W films was not altered by the 

O2/WF6 process.  
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CHAPTER 4. THERMAL ATOMIC LAYER ETCHING FOR METALLIC 

TUNGSTEN VIA OXIDATION AND ETCH MECHANISM USING O2 OR O3 

FOR OXIDATION AND WCL6 AS THE CHLORINATING ETCHANT 

 

Wenyi Xie, Paul C. Lemaire, and Gregory N. Parsons 
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4.1. Abstract 

Atomic layer etching (ALE) offering highly controlled removal of thin film materials is 

considered as an enabling process technology for future development of transistor devices. We 

previously reported a thermal tungsten (W) ALE process using WF6 and O2 for temperatures ≥275 

°C, we discovered the opportunity for lower-temperature W etching using WCl6 as the etchant 

instead of WF6. This article demonstrates a two-step thermal W ALE process viable for 

temperatures >200 °C, consisting of an oxidation half-reaction with O2 or O3, and an etch half-

reaction using WCl6 as the chlorinating etchant. In-situ quartz crystal microbalance (QCM) 

analysis reveals that W ALE using O2 and WCl6 is self-limiting and proceeds at a rate of ~-7 to 8 

Å/cy for temperatures between 205 to 235 °C. QCM analysis further reveals a surface dependence 

in the etch rate of the O2/WCl6 process, where the etch rate is initially greater during the initial 

cycles and decreases to a smaller value in the later cycles. In addition, we show that O3 is a more 

effective oxidant than O2 for W ALE at the lower temperatures, such that saturation can be 

achieved with a much shorter exposure. Furthermore, the removal of W metal films on SiO2 and 

Si-H substrates by the O2/WCl6 ALE was analyzed with ex-situ characterization techniques, and 
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we find that the ALE process can be used as a promising approach for selectivity improvement of 

W ALD. Overall, this study increases understanding of surface reactions in thermal ALE and 

expands the range of etchants and co-reactants that are useful for thermal etching of metallic thin 

films.   

4.2. Introduction 

Atomic layer etching (ALE) allowing highly controlled removal of materials, is an essential 

process technology for further development of transistor devices with sub-10 nm features.1 ALE 

is considered as the reverse of atomic layer deposition (ALD).2 ALD and ALE together enables 

atomic layer growth and removal of materials that based on sequential and self-limiting reactions.3–

5 ALE typically proceeds with a surface modification step, where surface layers of the substrate 

are modified using a halogenating reagent, the resulting surface modified layer is then removed in 

the following etch step.6,7 Plasma ALE techniques have been demonstrated with a variety of 

relevant materials, including Al2O3, Si, SiO2, and Si3N4.
8–15 In plasma ALE, plasma is used to 

produce reactive species (such as Cl2 plasma) to induce surface modifications and generate Ar+ 

ion to assist the removal of materials.6 However, even with precise control on the bias power, 

plasma species can lead to loss of selectivity and damages of the complex device structure.1,6,7  

Thermal ALE has attracted a lot of research attention in the recent years because it can allow better 

etch selectivity and avoid plasma induced damages.16 Thermal ALE processes employ thermally-

driven, self-limiting surface reactions, where controlled etching is achieved through the formation 

and desorption of volatile species.17 Fluorination followed by ligand exchange is a common 

approach for thermal ALE, which starts with a surface fluorination step, resulting in the formation 

of a surface metal fluoride layer, which is then removed by ligand exchange reaction.16,18 The  

including Al2O3, HfO2, and ZrO2, and AlN using HF as the fluorinating agent and Sn(acac)2 for 
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ligand exchange, as well as HfO2 ALE using HF and TiCl4.
16,19–23 Conversion-based mechanisms 

have also been explored, in which the surface layers of a starting material are converted into 

another material that will then be removed after undergoing fluorination and ligand exchange 

reactions.17 Several conversion-fluorination-ligand exchange mechanisms have been reported, 

which include ZnO2 and SiO2 ALE using HF/TMA, WO3 ALE using BCl3/HF, and TiO2 ALE 

using WF6/BCl3.
24–27  

Thermal ALE for metal thin films has been demonstrated with TiN, Si, and W following 

oxidation-etch or oxidation-conversion-etch reaction schemes.25,28–30 Tungsten metal is commonly 

used in integrated circuits as an interconnect layer and diffusion barrier.31 Controlled etching of W 

is of interest for future device fabrication. George et al. demonstrated a three-step thermal W ALE 

following the oxidation-conversion-etch reaction scheme.25 W metal is etched indirectly in the 

three-step process at 207 °C, at a rate of ~-2.4 Å/cy.25 The three-step process consisted of 

sequential reactions with O3, BCl3, and HF. The proposed reaction mechanism proceeds with 

surface layers of W metal undergo oxidation with O3(g), the resulting WO3(s) is converted to 

B2O3(s) through reaction with BCl3(g), and the B2O3(s) layers was then removed upon reaction 

with HF(g) by releasing volatile BF3(g), thereby restoring the tungsten metal surface.25 Although 

that the three-step process is desirable for etching W at low temperatures (i.e. 207 °C), each 

reaction step needs a long reactant exposure in order to reach saturation, for example, exposure 

times of 45 s, 8 s and 47 s were used for O3, BCl3 and HF, respectively. Due to the highly polar 

nature of HF, it is likely to stick to the reactor wall via hydrogen bonding, requiring long purge 

time between steps.18  

Our group recently reported a two-step thermal W ALE process using the oxidation-etch 

approach, consisting of sequential oxidation and ligand exchange reactions with O2 and WF6, 
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respectively.29 In the two-step process, W metal is oxidized with O2, the resulting tungsten oxide 

was etched away in the following etch reaction with WF6 through the release of volatile WO2F2(g) 

etch product.29 The two-step W ALE is favorable for fewer reaction steps involved. In addition, 

WF6 is an appealing fluorinating etchant since it has a net dipole moment of zero and can be purged 

out of reactor chamber more readily.27 However, the O2/WF6 ALE process shows significant 

temperature dependence due to the limited volatility of WO2F2, where the etch rate decreased from 

6 Å/cy to 0.5 Å/cy as temperature decreased from 300 to 220 °C.29 Therefore, it is of interest to 

investigate thermal W ALE processes that involve a minimum number of reaction steps and allow 

controlled etching at lower temperatures. 

In this work, WCl6 is investigated as a viable etchant for thermal W ALE. Specifically, 

thermochemistry calculation reveals that WCl6 reacts with WO3 to form WO2Cl2, which volatilizes 

readily at temperatures >200 °C. Hence, we propose a two-step W ALE process for T >200 °C, 

consisting of an oxidation step using O2 or O3, and an etch half-reaction using WCl6 as the 

chlorinating etchant. Using in-situ quartz crystal microbalance (QCM) analysis, self-limiting 

characteristics are confirmed for the O2/WCl6 ALE process, which proceeds at a rate of ~-7 to 8 

Å/cy for temperatures between 205 to 235 °C. QCM analysis further reveals a surface dependence 

in the etch rate, where the etch rate is greater during the initial cycles and decreased to a smaller 

steady state value in the later cycles. In addition, we show that O3 can be a more effective oxidant 

than O2 for W ALE at the lower temperatures, such that saturation can be achieved with a much 

shorter exposure. Lastly, analyses with ex-situ characterization techniques reveal that W ALE can 

be a promising means for extending W ALD selectivity on SiO2 and Si-H substrates.  
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4.3. Experimental Section 

4.3.1. Deposition/Etching Reactor with In-situ Quartz Crystal Microbalance 

Deposition and etching were carried out in a home-built atomic layer deposition (ALD/ 

ALE) reactor described in previous publications.32–34 The mass changes during deposition and 

etching were monitored by an in situ quartz crystal microbalance (QCM). A 6 MHz gold coated 

QCM sensor (Inficon) was mounted on a customized QCM housing. The mass change signals were 

detected by an Inficon SQM-160 monitor and recorded using a home designed LabView program. 

The reactor was heated resistively using PID controllers. Ultrahigh purity Ar gas (99.999%, 

ARC3), used as carrier and purge gas, was further purified using an Entegris Gate-Keeper before 

entering the reactor. Under experimental conditions, the reactor was supplied with a constant flow 

of 45 sccm of Ar, and an additional 55 sccm of Ar back purge was applied to the QCM crystal to 

prevent backside deposition. The total of 100 sccm Ar flow generated gave rise to the operating 

pressure of ~610 mTorr.  

Prior to etching experiments, fresh W films were deposited on the in situ QCM crystals via 

ALD. W ALD was performed by alternatively pulsing 2% silane (SiH4; 2% in Ar, Custom Gas 

Solutions), and tungsten hexafluoride (WF6; 99.99%, Galaxy Chemical) with an Ar purge step in 

between each reactant exposure. A cycle of tungsten ALD followed the sequence of 

SiH4/Ar/WF6/Ar = 45/45/1/60 s, respectively. The ALD growth of tungsten using dilute SiH4 and 

WF6 has been described elsewhere. Etching cycles was performed following the W ALD cycles 

without exposing the deposited W films to ambient conditions.  

The tungsten etching experiments with QCM were performed for a temperature range from 

205 to 235 °C. Controlled etching was carried out using sequential exposures of O2 (99.999%, 

ARC3) and WCl6 (Sigma Aldrich), and sequential exposures of ozone (O3; ~20% in O2) and WCl6, 
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respectively. O3 was generated by flowing O2 through a MKS AX8560 ozone generator. WCl6 was 

contained in stainless steel vessel and heated ~170 °C. Oxidant and WCl6 doses generated 

consistent pressure changes of ~0.70 and ~0.025 Torr, respectively.  

4.3.2. Thermochemistry Modeling  

Equilibrium amounts in closed systems were calculated using HSC Chemistry 7.1 

software. For the equilibrium composition calculations, the starting input amounts consisted of 6 

mol N2, 1.0 mol WF6 or WCl6, and 1 mol tungsten trioxide (WO3) were used. 25 measurements 

were performed from 25 to 400 °C at 1.5 Torr (0.002 bar). 

4.3.3. Substrate Preparation and Ex-situ Film Analysis  

Ex situ study of tungsten etching was performed on silicon and silicon oxide substrates. 

Silicon (Si; boron doped Si (100) 6-10 Ω∙cm, WRS Materials) and silicon oxide (SiO2; Si (100) 6-

10 Ω∙cm with 100 nm thermal SiO2, WRS Materials) wafers were cut into ~1 x 1cm pieces.  Si 

and SiO2 substrates were cleaned in a hot piranha bath (1:1 H2O2/H2SO4 by volume) for ~30 min, 

rinsed in deionized (DI) water, and stored in DI water. Immediately prior to W ALD, the SiO2 

substrates were rinsed in DI water and dried under flowing N2 (100 psi). To form hydrogen-

terminated silicon (Si-H), the piranha cleaned Si substrates were further treated with a dilute 

hydrofluoric acid (5 vol%, Fisher Chemical) for 30 s followed by a DI water rinse and dried under 

N2 flow. 

Etching of tungsten films on Si-H and SiO2 surfaces were characterized using ex situ 

analytical tools. Spectroscopic ellipsometry (SE) data were obtained with a J.A. Woollam alpha-

SE ellipsometer at a fixed angle of 70°. Sheet resistance was measured using a four-point probe 

(Jandel multi-height probe with RMS-AR test unit) with an upper detection limit of 107 Ω/□, 

beyond which the contact limit condition was yielded. Chemical analysis was done using a SPECS 
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X-ray photoelectron spectroscopy (XPS) system with a PHOIBOS 150 analyzer. Spectra were 

generated using an Mg Kα source operated at 300 W. For all XPS data analyses, data reduction 

and fitting were carried out using CasaXPS software with charge compensation based on the C 1s 

(C-C, C-H) peak set at 285 eV. 

4.4. Results and Discussion 

4.4.1. Thermochemistry Modeling for W Etching Using WCl6 vs. WF6 

We used the thermochemistry software HSC 7 to evaluate the probable reaction products 

for systems consisting of WCl6/WO3 and WO3/WF6, respectively. Figure 4.1a shows the 

equilibrium composition for the WO3/ WF6 system. We find that WO3(s) is fluorinated by WF6(g) 

to form volatile WO2F2(g) at T ≥275 °C. Our pervious report has confirmed the use of WF6 as a 

fluorinating etchant and etching of WO3 with WF6 is limited to temperatures ≥275 °C, consistent 

with the thermochemistry predictions.
29  

We find that chlorination reactions of WO3 take place favorably at the lower temperatures 

as compared to fluorination of WO3. While the fluorination reaction of WO3 using WF6 is not 

energetically favorable at 200 °C (ΔG = 10 Kcal/mol of WO3), WCl6 chlorination of WO3 is 

favorable and there are two possible volatile tungsten oxychlorides that can form according to the 

following reactions 

2 WO3(s) + WCl6 (g) = 3 WOCl4(g), ΔG = -20 Kcal/mol of WO3 at 200 °C      (4.1) 

2 WO3(s) + WCl6 (g) = 3 WO2Cl2(g), ΔG = -12 Kcal/mol of WO3 200 °C        (4.2) 

 

Thermochemistry results for the WO3/WCl6 system suggest that W can be etched at lower 

temperatures when WCl6 is used as the etchant instead of WF6 through the formation of volatile 

WO2Cl2. The modeling results in Figure 4.1b show that WO3(s) reacts with WCl6(g) to form 
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WOCl4(g) and WO2Cl2(s) at 25 °C. At 200 °C, WO2Cl2(s) completely volatilizes WO2Cl2(g) to 

when T ≥200 °C. The presence of volatile tungsten oxychlorides has been previously measured.35  

The halogen species plays an important role in determining the temperature limits for W 

etching. The noted volatility difference between WO2F2 and WO2Cl2 etch products may arise from 

the difference in the bond strength of W-halogen bonds. The dissociation energy of W-F bond is 

544 kJ/mol, while W-Cl bond has a bond dissociation energy of 420 kJ/mol.36  Since W-Cl bond 

has  a lower bond dissociation energy, WO3 undergoes chlorination with WCl6 to form volatile 

WO2Cl2 at lower temperatures (i.e. T ≥200 °C), as compared to fluorination of WO3 using WF6 

that takes place at ~300 °C.  

 

Figure 4.1. Thermochemistry modeling results showing the expected equilibrium compositions 

from 25 to 400 °C at 1.5 Torr for closed systems initially consisted of (a) 1.0 mol WO3(s) reacting 

with 1.0 mol WF6(g), and (b) 1.0 mol WO3(s) reacting with 1.0 mol WCl6(g).  
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4.4.2. W Etching Using O2 and WCl6 

In-situ quartz crystal microbalance was used to examine W etching with O2/WCl6 at 220 

°C. Prior to each W ALD run, the reactor and the QCM substrate were conditioned with ~4 nm 

Al2O3 ALD using trimethyl aluminum and water. Fresh W films were deposited via ALD prior to 

etching using sequential exposures of SiH4 and WF6. Immediately following W ALD, W etching 

was performed using sequential exposures of O2 and WCl6. The WCl6 precursor vessel was heated 

to ~170 °C. Each WCl6 and O2 dose generated a consistent pressure change of ~20 and 900 mTorr, 

respectively. A long purge step of 240 s was used after each WCl6 dose for restoring WCl6 vapor 

pressure in the source vessel.  

The QCM results in Figure 4.2 show mass change versus time for 1 cycle of W etch at 220 

°C consisted of 1 O2 dose followed by 10 WCl6 doses. An Ar purge step was used after each 

precursor dose. The exposure sequence can be denoted as 1(O2/Ar)/10(WCl6/Ar) = 

1(45/45)/10(45/240) s, respectively. A mass gain of ~70 ng/cm2 was measured after O2 exposure, 

and a mass loss of -1720 ng/cm2 was measured after the WCl6 exposure. This added up to a net 

mass change per cycle of -1650 ng/cm2. An incubation period was noted for the etching reaction 

with WCl6, where small amounts of mass loss were measured during the 1st and 2nd WCl6 doses. 

This incubation period was needed for the surface to become sufficiently chlorinated for etching 

to occur, consistent with what previously observed in W ALE using O2/WF6.
29 The mass loss 

during WCl6 reaction reaches a plateau after 7 WCl6 doses. This saturation behavior indicates the 

self-limiting characteristic of W etching using the O2/WCl6.  
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Figure 4.2. QCM results showing mass change versus time for 1 O2/WCl6 cycle at 220 °C. An 

exposure sequence of 1(O2/Ar)/10(WCl6/Ar) = 1(45/45)/10(45/240) s was used.   

After realizing that lower-temperature W etching can be achieved using O2/WCl6, multiple 

O2/WCl6 cycles were performed to examine the steady state etching behavior at 220 °C. The QCM 

results in Figure 4.3a show mass change versus time for 4 O2/WCl6 cycles. The exposure sequence 

of each O2/WCl6 cycle followed 1(O2/Ar)/7(WCl6/Ar) = 1(45/45)/7(45/240) s. The results in 

Figure 4.3a revealed that the etch rate decreased and leveled off as the etch cycle increased. To 

investigate the observed decrease in etch rate, mass change after O2 exposure (∆MO2), mass change 

after WCl6 exposure (∆MWCl6), and mass change per cycle (∆Mcycle) were analyzed and plotted in 

Figure 4.3b. We found that only the 1st cycle yielded a mass gain of ~53 ng/cm2 for ∆MO2, but a 

mass loss ranging from -110 to -14 ng/cm2 was measured for the O2 exposure of the later cycles. 

Due to the decrease in ∆MO2, ∆Mcycle decreased significantly from -1233 to -133 ng/cm2, which 

corresponded to a decrease in the etch rate from -6.4 to -0.7 Å/cy (calculated using a density of 
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19.3 g/cm3 for bulk W). This result suggests the following: (1) a single 45s O2 exposure is 

insufficient for maintaining the same extent of surface oxidation as etching cycles proceeded, and 

(2) surface etching reactions may occur during the O2 exposure step that give rise to the measured 

mass loss and decrease in etch rate for the later cycles. The surface dependence in the etch rate is 

discussed in detail in a later section below. In order to establish steady state W ALE that proceeds 

at a controlled rate, the saturation conditions of the O2/WCl6 process needed to be evaluated.  

 

 

Figure 4.3. QCM results showing (a) mass change versus time for 4 O2/WCl6 cycles at 220 °C, 

and the corresponding (b) mass changes after O2 exposure (∆MO2), mass change after WCl6 

exposure (∆MWCl6), and mass change per cycle (∆Mcycle). Each O2/WCl6 cycle followed the 

exposure sequence of 1(O2/Ar)/7(WCl6/Ar) = 1(45/45)/7(45/240) s. 
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4.4.3. Saturation Behavior of Steady State W Etching Using O2/WCl6  

The saturation conditions of W etching at 220 °C with O2/WCl6 were evaluated using 

QCM. In this set of QCM experiments, the exposure of one reactant was varied by changing the 

number of doses, while holding the other reactant exposure constant. Saturation behavior of the 

O2 half-reaction was evaluated by varying the O2 doses and fixing the number of WCl6 doses = 7. 

The exposure sequence of “n”(O2/Ar)/ 7(WCl6/Ar) = “n”(45/45)/7(1/240) s was used.  Figure 4.4a 

shows mass change per cycle as a function of O2 doses which plateaus around -1500 ng/cm2 after 

6 O2 doses. This result suggests that saturation can be reached with a minimum of six O2 doses for 

steady state etching to proceed.  

In addition, saturation behavior of the WCl6 half-reaction was examined by varying the 

number of WCl6 doses and fixing the O2 doses = 10. The exposure sequence followed 10(O2/Ar)/ 

“n”(WCl6/Ar) = 10(45/45)/ “n”(1/240) s. Figure 4.4b shows mass change per cycle as a function 

of WCl6 doses. The average mass change per cycle levels off at around -1500 ng/cm2 after 5 WCl6 

doses. This corresponds to an etch rate of -7.7 Å/cycle using the density of bulk tungsten = 19.3 

g/cm3. The leveling-off in mass change suggests that the WCl6 half-reaction is self-limiting, which 

terminates when all of the surface WO3(s) etched away by WCl6(g). Since both O2 and WCl6 half-

reactions of the O2/WCl6 process display saturation characteristics, therefore we can conclude that 

the O2/WCl6 process is promising for self-limiting atomic layer etching of W for temperatures ≥ 

200 °C.  
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Figure 4.4. QCM results showing average mass change per cycle as a function of (a) O2 doses, 

where the number of O2 doses was varied while the WCl6 doses were fixed at 7, and (b) WCl6 

doses, where the number of WCl6 doses was varied while the O2 doses were held at 10.  

Figure 4.5a shows that the mass change varies linearly with time for W etching performed 

at the saturating condition consisting of 8 O2 and 7 WCl6 doses. In addition, Figure 4.5b shows the 

corresponding ∆Mcycle, ∆MO2, and ∆MWF6 for each etch cycle in Figure 4.5a. ∆MO2 decreased from 

~112 ng/cm2 and leveled off at around -176 ng/cm2 as the etch cycles increased.  The negative 

mass change for O2 exposure in the later cycles again suggested the presence of surface etching 

reactions during the O2 exposure, consistent with the results shown in Figure 4.3. Due to O2 

exposures being partially consumed by surface etching reactions, a long O2 exposure period was 

found necessary to account for O2 depleted by etch reactions and allow steady state etching. As a 

result of less O2 available for oxidation of the etched surface, ∆Mcycle decreased from -1774 ng/cm2 

in the 1st cycle to around -1485 ng/cm2 for the later cycles, corresponding to a decrease in etch rate 

from -9.2 to -7.7 Å/cy.  
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Figure 4.5. QCM results showing (a) mass change versus time for 4 O2/WCl6 cycles at 220 °C, 

and the corresponding (b) mass changes after O2 exposure (∆MO2), mass change after WCl6 

exposure (∆MWCl6), and mass change per cycle (∆Mcycle). Each O2/WCl6 cycle followed the 

exposure sequence of 8(O2/Ar)/7(WCl6/Ar) = 1(45/45)/7(45/240) s. 

 

W ALE using O2/WF6 was further examined for a range of temperatures from 205 – 235 

°C using QCM.  The QCM results in Figure 4.6a show the etch rate does not vary at temperatures 

between 205 to 235 °C. As temperature increased from 205 to 235 °C, the average mass change 

per etch cycle decreased slightly from -1419 to -1582 ng/cm2, corresponding to a small increase 

in the etch rate from -7.3 to -8.2 Å/cycle.  The small increase in etch rate is likely due to a small 

increase in mass gain during the oxidation step. The zoom-in plot in Figure 4.6b for 1 O2/WCl6 

cycle shows that the WCl6 exposure was still enough for etching all of the tungsten oxide. The 

relatively constant etch rate is consistent with the thermochemistry modeling results, which predict 

that the etch product WO2Cl2 volatilizes readily at temperatures >200 °C. Because the WCl6 source 
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was heated at ~170 °C, W etching at temperatures less than 200 °C was not tested to prevent 

condensation of WCl6 inside the reactor chamber.  

 

Figure 4.6. QCM results for (a) 4 O2/WCl6 cycles at 205, 220 and 235 °C, and (b) an expansion 

of (a) showing mass change versus time for 1 O2/WCl6 cycle. Each O2/WCl6 cycle followed the 

exposure sequence of 8(O2/Ar)/7(WCl6/Ar) = 8(45/45)/7(45/240) s. 
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4.4.4. W Etching Using O3 and WCl6 

Based on the QCM results of the O2/WCl6 process, W oxidation using O2 was significantly 

affected by competitive etching reactions during O2 exposures on the etched W surface. A long O2 

exposure period was needed to account for the O2 depleted by etching reactions and sustain steady 

state W etching at lower temperatures. Alternatively, O3 is a stronger oxidant than O2. The Gibbs 

free energy for W oxidation with O3 is more negative than that with O2 (-213 vs. -172 kcal per 

mole of WO3). Hence, O3 can a more effective oxidant for W etching at low temperatures.  

Figure 4.7 shows QCM results of mass change versus time for 6 O3/WCl6 cycles at 220 °C. 

The exposure sequence followed 1(O3/Ar)/ 7(WCl6/Ar) = 1(45/45)/ 7(1/240) s. In contrast to the 

rapidly decreasing etch rate when a single O2 dose was used, W etching proceeded at a relatively 

constant rate with a single O3 dose, as shown in Figure 4.7a. This result confirms that O3 is a more 

promising oxidant source than O2 for W etching at lower temperatures. To examine the mass 

changes during W etching in detail, mass change after O3 exposure (∆MO3), mass change after 

WCl6 exposure (∆MWCl6), and mass change per cycle (∆Mcycle) were analyzed and shown in Figure 

4.7b. The ∆MO3 values remained positive as the etch cycle increased, but a decrease in ∆MO3 from 

~332 to 127 ng/cm2 was measured. The decrease in ∆MO3 again suggested the presence of etching 

reactions on the etched W surface which partially consumed the amount of O3 available for 

oxidation. As a result of the decrease in ∆MO3, ∆Mcycle decreases from around -2200 to -1652 

ng/cm2, corresponding to a decrease in etch rate from -11.5 to -8.6 Å/cy. Nevertheless, W oxidation 

with O3 is less affected by the etching reactions as comparing with O2, such that steady state W 

etching can be sustained with a single dose of O3 exposure.  
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Figure 4.7. QCM results showing (a) mass change versus time for 6 O3/WCl6 cycles at 220 °C, 

and the corresponding (b) mass change after O3 exposure (∆MO3), mass change after WCl6 

exposure (∆MWCl6), and mass change per cycle (∆Mcycle). Each O3/WCl6 cycle followed the 

exposure sequence of 1(O3/Ar)/ 7(WCl6/Ar) = 1(45/45)/ 7(45/240) s. 

Upon confirming O3 is an effective oxidant for W etching at 220 °C, the saturation 

conditions of the O3/WCl6 process are evaluated by varying the exposures of O3 and WCl6, 

respectively. Figure 4.8a shows the saturation behavior of the O3 half-reaction, in which the O3 

exposure is varied by changing the O3 dose time, and the WCl6 exposure is held constant by fixing 

the number WCl6 doses = 6. As the O3 dose time increases from 0 to 90 s, the average mass change 

per cycle plateaus at around -1700 ng/cm2, which corresponds to an etch rate of -8.8 Å/cy. The 

results indicate that a minimum O3 dose time of 45 s is enough for saturation. The results for the 

saturation behavior of the WCl6 half-reaction is shown in Figure 4.8b. The WCl6 exposure is varied 

by changing the number of WCl6 dose, and a single O3 dose is used and fixed at 45 s. The WCl6 
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half-reaction shows nearly saturating behavior, where the average mass change per cycle reaches 

a soft saturation level at around -1700 ng/cm2 after 5 WCl6 doses.  

 

 

 

Figure 4.8. QCM results showing average mass change per cycle as a function of (a) O3 dose time, 

where the time of O3 dose was varied while the number of WCl6 doses were fixed at 6, and (b) 

WCl6 doses, where the number of WCl6 doses was varied while the O2 dose time was fixed at 45 

s.  

4.4.5. Mechanism for the Surface Dependence in Etch Rate  

QCM results of both O2/WCl6 and O3/WCl6 processes reveals a surface dependence in the 

etch rate, i.e. the etch rate of a fresh W surface in the 1st etch cycle is higher than the etch rate of 

the etched W surface for the later cycles during steady state. We propose a possible mechanism in 

Figure 4.9 elucidating the surface dependent etch. For a fresh W surface as depicted in Figure 4.9a, 

O2 or O3 exposures would result in the formation of a WO3 surface layer that can be represented 
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by thickness t0. Following WCl6 exposure, the WO3 surface layer is removed through forming 

volatile WO2Cl2. The resulting etched W surface becomes chlorinated upon WCl6 exposure. 

During the following O2 or O3 exposure step as shown in Figure 4.9b, etching reactions would 

occur to consume O2 or O3. Therefore, less O2 or O3 is available for surface oxidation and the 

thickness of the oxide layer (denoted by tf) would be smaller than the oxide layer of the 1st cycle 

(i.e. tf < t0). A decreased oxide layer thickness of the etched W surface translates into a smaller 

etch rate as compared to the etch rate of the fresh W surface.  

The amount of oxidant exposure required for oxidation saturation depends on the oxidation 

strength of the oxidant. For W etching using O2 as the oxidant, a single short dose of O2 was not 

enough for steady state W etching due to the weaker oxidation strength of O2 and O2 depletion by 

etching reactions.  A mass loss was measured during O2 exposure on the etched W surface which 

led to a significant decrease in etch rate from -6.4 to -0.7 Å/cy, as shown in Figure 4.3. To account 

for the O2 depleted by etching reactions during O2 exposure, a long O2 exposure consisting of 8 O2 

doses was needed for steady state W etching. Using the long O2 exposure, the etch rate only 

decreased slightly from ~-9.2 Å/cy for the 1st cycle to -7.7 Å/cy for the later cycles, as shown in 

Figure 4.5. In the case of W etching using O3 as the oxidant, the stronger oxidation strength of O3 

allows steady state W etching to be sustained with a single dose of O3. Comparing with oxidation 

of fresh W surface, smaller mass gains were measured for oxidation of the etched surface using 

O3 (~332 vs. 127 ng/cm2). The decrease in O3 mass gain then give rise a smaller etch rate at steady 

state (-11.5 vs. -8.6 Å/cy), as shown in Figure 4.7.  
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Figure 4.9. Schematic showing proposed surface chemical changes during O2 or O3 exposure for 

(a) a fresh W surface, and (b) an etched W surface. 

4.4.6. Ex-situ Characterization of Etched W Films on Si-H and SiO2 Substrates  

Upon evaluating the process conditions of W ALE using WCl6 and O2, we then examined 

etching of W films on SiO2 and Si-H substrates using ex-situ characterization techniques. For these 

measurements, 30 cycles of W were deposited on SiO2 and Si-H substrates via ALD at 220 °C, 

followed by different number of O2/WCl6 etch cycles at 220 °C. The O2/WCl6 etch process was 

performed using the exposure sequence of 8(O2/ Ar)/ 7(WCl6/ Ar) = 8(45/45)/ 7(1/240) s. 

Etching of W films on SiO2 and Si-H substrates was monitored by tracing the changes in 

the SE delta parameter measured at 700 nm (∆700nm). This approach follows the method previously 

described for monitoring the evolution of ALD W nucleation on Si-H and SiO2 surface.  Figure 

4.10a shows the delta parameter as a function of etch cycles for SiO2 and Si-H substrates. On the 
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SiO2 substrate deposited with 30 W ALD cycles (“0 etch cy”), the delta parameter was initially 

~85 °, consistent with a coalesced W surface. After 4 etch cycles, the delta parameter decreased to 

~54 °, and then increased and reached a final value ~76 ° after 15 etch cycles. Since the delta 

parameter for a clean SiO2 surface is typically ~78 °, the etched surface would likely be a SiO2 

surface with a small amount of W nuclei. Figure 4.10b shows the sheet resistance of the etched W 

films on SiO2 substrate increased as the etch cycles increased and reaching the contact limit 

condition after 15 etch cycles. The increased sheet resistance agrees with the ellipsometry results, 

supporting that the W film on SiO2 was mostly etched away after 15 etch cycles. The removal of 

W on SiO2 was further confirmed using XPS. The W 4f scans in Figure 4.11a show that the 

tungsten oxide (W-O) and tungsten metal (W) peak signals decreased as the etch cycles increased. 

Correspondingly, the Si 2p and O 1s scans in Figure 4.11b, c show that the Si-O peak signal 

increased as the W-O peak decreased, consistent with the SiO2 substrate becoming uncovered as 

the W films being removed.  

For the Si-H surface, the delta parameter was initially ~148 °, consistent with a continuous 

W film of ~17 nm thick (based on the growth rate of 5.5 Å/cy for W ALD). After 15 etch cycles, 

the delta parameter increased to ~155 °. This delta value is significantly lower than that of a clean 

Si-H surface which is typically ~178 °. The increase in ∆700nm value corresponded to a decrease in 

thickness from ~17 to 8 nm. In addition, Figure 4.10b shows the sheet resistance for the W films 

barely changed as the etch cycles increased from 0 to 15, supporting that the W film remained 

continuous and conductive after etching.  

Based on the SE and sheet resistance results, we found that the W film on the Si-H surface 

remained continuous, while the W film on SiO2 was mostly etched away after the same number of 

etch cycles. This difference in the extent of W etching between SiO2 and Si-H can be ascribed to 
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the inherent nucleation delay of W ALD on SiO2 surface. Due to the nucleation delay, less W is 

deposited on SiO2, hence fewer etch cycles were needed for etching as compared to Si-H. This 

result suggests that W ALE process can be promising for improving W ALD selectivity. Enhanced 

selectivity can be achieved by combining W ALE and W ALD, in which intermittent etch cycles 

following W ALD can be used to remove W growth on SiO2 and allow W growth to accumulate 

on Si-H.   

 

Figure 4.10. (a) SE parameter ∆700nm, and (b) sheet resistance results for a 30 cycles W ALD film 

on Si-H and SiO2 substrates following 0, 2, 4, 7, 10, and 15 W etch cycles at 220 °C. The exposure 

sequence of the etch cycles consisted of 8(O2/Ar)/7(WCl6/Ar) = 8(45/45)/7(45/240) s. 
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Figure 4.11. High resolution XPS scans of (a) W 4f, (b) Si 2p, and (c) O 1s regions for a 30 cycles 

W ALD film on SiO2 following 0, 2, 7, 10, and 15 W etch cycles at 220 °C.  
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4.5. Conclusion 

In this article, we demonstrate and describe the mechanism of a two-step W ALE process 

viable for temperatures >200 °C. The two-step process consists of the oxidation half-reaction with 

O2 or O3, and the etch half-reaction using WCl6 as the chlorinating etchant. Thermochemistry 

modeling reveals that WCl6(g) can react with WO3(s) to form WOCl4(g) and WO2Cl2(s) which 

volatilizes readily at temperatures >200 °C. Through in-situ quartz crystal microbalance (QCM) 

analyses, we confirm that W ALE using O2 and WCl6 can be achieved and proceeds at a rate of ~-

7 to 8 Å/cy for temperatures between 205 to 235 °C. In addition, the etch rate of the O2/WCl6 ALE 

process shows a surface dependence. Specifically, the etch rate is greater during the initial cycles 

and decreases to a smaller steady state value in the later cycles. The decrease in etch rate can be 

ascribed to a noted change in the oxidation step, where O2 oxidation of a fresh W surface results 

in a mass gain while oxidation of the etched W gives rise to mass loss, as indicated by QCM 

analysis. Based on the QCM results, we propose that the etched W surface is chlorinated after 

WCl6 exposure, hence surface etching reactions occur during the following O2 exposure step in 

addition to surface oxidation, leading to a net mass loss for the oxidation step. As a result, an 

extended O2 exposure was needed for W ALE to account for the competing etching reactions. We 

also show that O3 can be a more effective oxidant than O2 for W ALE, such that saturation can be 

achieved with a much shorter exposure. The removal of W metal films on SiO2 and Si-H substrates 

by W ALE was analyzed with ex-situ characterization techniques, and the results reveal that the 

ALE process can be used as a promising means for selectivity improvement of W ALD.  
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CHAPTER 5. CONTROL OF MICRO- AND MESOPORES IN CARBON 

NANOFIBERS AND HOLLOW NANOFIBERS DERIVED FROM 

CELLULOSE DIACETATE VIA VAPOR PHASE INFILTRATION OF 

DIETHYL ZINC 

 

This chapter is reproduced with permission from Wenyi Xie, Saad Khan, Orlando J. Rojas, and 

Gregory N. Parsons. ACS Sustainable Chem. Eng., 2018, 6, 11, 13844-13853 

 

5.1. Abstract 

Common thermoplastic polymers, such as polyvinyl alcohol and cellulose derivatives are 

abundant and inexpensive precursors for preparing carbon nanofibers. These polymers are soluble 

in common solvents and can be readily processed to prepare nanofibers with high external surface 

area. However, thermoplastic polymers undergo a melting transition upon heating, resulting in loss 

of initial morphology and low carbon yield. In this study, vapor infiltration of diethyl zinc (DEZ) 

is applied to modify electrospun cellulose diacetate (CDA) nanofibers before carbonization, 

resulting in excellent retention of the original fiber structure while maintaining a high surface area 

and pore size distribution. Our goal is to investigate the effect of inorganic modification on the 

morphology and structural properties of the carbon product from the CDA nanofibers. We found 

that the CDA nanofiber structure was preserved after incorporation of ~10 wt. % Zn by vapor 

infiltration of DEZ. In addition, we found the pore volume distribution of the CDA-based carbon 

nanofibers can be controlled by the amount of DEZ incorporated. Mesoporosity dominated with 

the incorporation of small amounts of DEZ up to ~7 wt. % Zn, above which the formation of 

micropores was favored. However, the carbon yield was lowered from ~8 to < 4 wt. % as the DEZ 
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cycle increased, possibly due to the catalytic oxidation effect of Zn on carbon. Our study on CDA-

based carbon nanofibers shows that vapor infiltration of DEZ is an effective chemical treatment 

that makes common thermoplastics viable as precursors for synthesis of structural carbon 

nanomaterials, with tunable pore volume distribution.  Finally, using a modified process with zinc 

oxide atomic layer deposition (ALD) allowed for controlled subsurface chemical modification and 

hollow carbon nanofibers were produced with a higher surface area (~1700 m2/g) and pore volume, 

a promising material for energy storage applications. 

5.2. Introduction 

Carbon nanofibers (CNF) have been used as electrode materials in energy storage devices, 

as support for catalysts, and as adsorbent materials in water purification.1–3 Electrospinning is a 

facile method that has been employed to prepare carbon nanofibers.1 Polyacrylonitrile (PAN) is 

the most commonly used thermoplastic polymer precursor in the production of electrospun carbon 

nanofibers.3 Although PAN is popularly used, PAN is an expensive source material with poor 

solubility. Therefore, it is important to investigate other more readily available precursor options. 

Thermoplastic polymers such as polyvinyl alcohol (PVA) and cellulosic derivatives are cheaper 

and more abundant alternatives compared to PAN. However, thermoplastic polymers undergo 

melting transition that result in a loss of the fiber morphology and poor carbon yield upon heat 

treatment.  

Structure stabilization by either thermal or chemical treatment has been applied to improve 

the properties of electrospun carbon nanofibers. To prevent premature structure collapse, excessive 

decomposition and mass loss, electrospun polymers are often thermally stabilized at temperatures 

lower than the carbonization temperature. Several studies reported that air stabilization improves 

the fiber structure during carbonization of electrospun PAN.4,5 However, single-step air 
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stabilization has not shown applicability to other thermoplastics. More involved thermal treatments 

include multiple heating steps applied to electrospun polyvinylpyrrolidone (PVP) to produce 

microporous carbon nanofibers.6 The main drawback of the stabilization treatment is that it is slow, 

requiring long production times to yield carbon nanofibers.  Some solution-based chemical 

treatments have been explored.  Treating electrospun PVA fibers with an iodine solution improved 

the carbon yield and morphology of the resulting carbon nanofibers.7  In addition to carbon yield 

and morphology, optimizing surface area and porosity usually requires additional treatments. For 

example, PAN-based carbon nanofibers were physically activated with steam at 800 ˚C to increase 

surface area to 1200 m2/g and porosity up to ~0.60 cm3/g.8  

Vapor phase infiltration (VPI) is a processing technique for chemically modifying 

polymeric materials with metal precursors.9 VPI typically involves diffusion, entrapment, and 

reaction of metal precursors with polymer substrates.9 The extent of substrate modification during 

VPI depends on the reactivity of the substrates, as well as process temperature and pressure. 

Various infiltration methods and process conditions have been investigated and named differently 

such as sequential vapor infiltration (SVI)10, sequential infiltration synthesis(SIS)11, and multiple 

pulse vapor-phase infiltration (MPI)12. VPI processes have been reported to improve the 

mechanical properties of polymeric materials, such as spider silk, cellulose fibers, and collagen 

membranes.12–14 VPI processes have also been employed for template growth of metal oxides 

using polymer materials as sacrificial substrates.10,11,15,16 Parsons et al. reported a VPI process 

using trimethyl aluminum (TMA) and water for modifying polybutylene terephthalate (PBT) 

fibers.10  Subsequent calcination of the VPI-treated PBT fibers in air at 450 ˚C, yielded 

microporous/mesoporous Al2O3 with shape retention of the starting PBT fibers. Other studies have 

demonstrated patterned polymethacrylate (PMMA) and PMMA-polystyrene (PS) block 
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copolymer as templates to form nanoscale patterned metal oxide features after VPI 

processes.11,15,16  

In this work, we extend the concept of chemical treatment of polymers by demonstrating 

good physical properties of carbon nanofibers generated after vapor infiltration of diethyl zinc into 

electrospun cellulose diacetate.  Cellulose diacetate (CDA) is interesting because it is a commercial 

and readily available thermoplastic polymer, mainly used for cigarette filters.17  CDA is soluble in 

wide range of solvents and is amenable to electrospinning; upon regeneration to cellulose and 

carbonization, it forms carbon nanofibers.18–20  Diethyl zinc (DEZ) is a volatile organometallic 

compound that is commonly used in atomic layer deposition (ALD) of zinc oxide.21 We propose 

that through chemically modifying CDA nanofibers via vapor infiltration of DEZ, followed by 

carbonization treatment, carbon nanofibers can be successfully synthesized, as depicted in Figure 

5.1. More specifically, we examine the effect of DEZ vapor infiltration on the fiber morphology, 

carbonization yield, surface area, and pore volume distribution of the CDA-derived carbon 

nanofibers. Depending on the extent of DEZ modification, the distribution of micropore and 

mesopore volumes can be controlled. Finally, we show that the DEZ vapor infiltration process can 

be modified into a zinc oxide (ZnO) ALD process which allows for controlled subsurface chemical 

modification. Using the modified process, hollow carbon nanofibers (HCNF) can be successfully 

prepared from the ZnO ALD-treated CDA nanofibers. The resulting HCNF have higher surface 

area and pore volume than CNF, which can be a promising material for energy storage 

applications.  
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Figure 5.1. Schematic of the DEZ infiltration process applied to prepare carbon nanofibers, where 

the electrospun CDA nanofibers are chemically modified by DEZ vapor infiltration in step 1 and 

following carbonization in step 2 they form carbon nanofibers. 

5.3. Experimental Section 

5.3.1. List of Chemicals and Materials 

Cellulose diacetate flakes provided by Eastman Chemicals were used to prepare 

electrospun CDA nanofibers. Acetone and N, N-dimethylacetamide (DMAc) from Sigma Aldrich 

were used to dissolve CDA flakes without further purification. Diethyl zinc from Strem Chemicals 

was used as the metal precursor in the vapor infiltration process. N2 (99.999 %, Arc3) was used as 

the purge gas during vapor infiltration and carbonization processes. 

5.3.2. Electrospinning of Cellulose Diacetate 

Electrospinning was performed to prepare CDA nanofibers. The electrospinning solution 

consisted of 11 wt. % of CDA dissolved in 2:1 acetone: DMAc (by volume). The electrospinning 

setup consisted of a syringe pump from New Era Pump System Inc., a high voltage power supply 

from Precision Inc., and a conductive collector plate. All parts of the electrospinning setup were 

grounded. The collector plate was covered with aluminum foil for fiber sample collection. 22-



   

88 

 

gauge syringe needles from Jensen Global with an inner diameter of 0.0508 cm were used. A 

collection distance of 15 cm was fixed between the syringe needle and collector plate.  The syringe 

pump was set at a speed of 0.5mL/h and a 13kV voltage was applied to the syringe needle. 

Electrospinning was performed at room temperature with a relative humidity maintained at ~60 

%.   

5.3.3. Vapor Infiltration of Diethyl Zinc to CDA Nanofibers 

DEZ vapor infiltration was performed in a custom made, viscous-flow, hot-walled vacuum 

reactor.22 The reactor was operated using N2 as the carrier and purge gas at 150 ˚C at a reduced 

pressure of ~1.7 Torr. 150 °C was chosen as the upper temperature limit for DEZ infiltration to 

not approach the melting transition of CDA (~230 °C). Samples of CDA nanofibers of ~200 mg 

were used for DEZ vapor infiltration. After loading the sample into the reactor, ~30 min was 

allowed for the sample to reach thermal equilibrium with the reactor under N2 flow. The DEZ 

infiltration process typically proceeded with a short dose of DEZ vapor into the reactor, which was 

followed by holding the DEZ vapor in the reactor for a set time, and then followed by a N2 purge 

to remove reaction products and excess DEZ in the reactor. After the DEZ exposure was repeated 

for the desired number of times, the infiltration process was finished with a single exposure of 

water vapor to oxidize any entrapped reactive precursors in the sample. The water exposure 

consisted of a short dose of water vapor into the reactor and held in the reactor for a given time. In 

brief, a typical vapor infiltration exposure sequence is expressed as “n” (DEZ dose/ DEZ hold/ N2 

purge) + (H2O dose/ H2O hold/ N2 purge), for example, “n” (1/ 60/ 40) + (1/ 60/ 40) seconds.   

5.3.4. In-situ Fourier Transform Infrared (FTIR) Spectroscopy 

A Nicolet 6700 infrared spectrometer integrated into a custom-built, viscous-flow, hot-

walled vacuum reactor was used to measure the changes in chemical bonding of CDA nanofibers 
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during vapor infiltration.10,23 Spectra were taken after different cycles of DEZ exposure to the CDA 

fiber substrate. Spectra were recorded in transmission mode after 200 scans at a resolution of 4 

cm-1 in the range of 4000 to 600 cm-1. CDA fiber samples of < 20 mg were used in the In-situ IR 

study to allow IR transmission signal to be measured.  

5.3.5. Carbonization and Air-annealing of DEZ Modified CDA Nanofibers 

Untreated or DEZ-treated CDA nanofibers were carbonized in a quartz tube furnace from 

Thermo Scientific under a N2 environment. The carbonization process consisted of a ramping 

period at 5 ˚C/min and a 3 h soaking period for temperatures between 600 – 900 ˚C. The total 

product yield was measured as the mass change after carbonization at 900 ˚C for 3 h under a N2 

environment.  The ash yield was measured as the mass change after air-annealing the untreated or 

DEZ-treated CDA nanofibers at 600 ˚C in air for 2 h in a Thermolyne box furnace from Thermo 

Scientific.  

5.3.6. Morphology, Thermal, Structural and Nitrogen Sorption Analyses  

The morphology of electrospun CDA nanofibers prior to and after DEZ vapor infiltration 

was examined with a Verios 460 FEI scanning electron microscope (SEM). All SEM samples were 

sputter-coated with ~6 nm of palladium/gold (Pd/Au) prior to imaging. Elemental analyses were 

performed by energy dispersive spectroscopy (EDS) during SEM imaging to determine the 

approximate zinc (Zn) content in the samples. Accelerating voltages of 5 kV and 20 kV were used 

for SEM imaging and EDS analysis. Fiber diameters were determined using ImageJ. About 100 

measurements were taken to determine the average fiber diameter of different samples.  

The thermal stability of the fiber samples was measured with a Q500 thermogravimetric 

analyzer (TGA) from TA Instruments. Samples of about 10 mg were loaded onto the TGA and 

heated from 40 to 600 ˚C at a heating rate of 10 ˚C/min under a N2 environment. Glass and melting 
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transitions of untreated and DEZ-treated CDA nanofibers were measured using a Q2000 

differential scanning calorimeter (DSC) from TA Instruments. DSC traces were recorded from 40 

to 240 ˚C at a heating rate of 10 ˚C/min under a N2 environment. X-ray diffraction (XRD) was 

applied to evaluate the structural properties of the carbonized materials. XRD was performed with 

a Rigaku SmartLab diffractometer using a Cu Kα source with a wavelength of 1.54 Å. 

Nitrogen sorption measurements were performed at 77 K using a Quantachrome Autosorb-

1C in a relative pressure range of 0.020 to 0.995. Samples of about 30 to 100 mg were degassed at 

150 ˚C for 10 to 20 hours prior to nitrogen sorption measurements. The AS1 win software was 

used to analyze surface area using the Brunner, Emmett and Teller (BET) theory, and pore volume 

distribution was calculated using the quenched solid density functional theory (QSDFT) assuming 

carbons with slit pore geometry at equilibrium.  BET method was applied according to Rouquerol 

consistency criteria.  

5.4. Results and Discussion 

5.4.1. Morphology of CDA Nanofibers after DEZ Infiltration and after Carbonization 

The as-spun CDA nanofiber, shown in Figure 5.2a, has an average diameter of ~300 nm 

determined by ImageJ analysis. DEZ vapor infiltration was performed on as-spun CDA nanofibers 

at 150 ˚C. The reactant exposure of the DEZ infiltration process followed “n” (DEZ dose/ DEZ 

hold/ N2 purge) + 1(H2O dose/ H2O hold/ N2 purge) = “n” (1/ 60/ 40) + 1(1/ 60/ 40) s. The 

morphology of CDA nanofibers before and after vapor infiltration of DEZ was examined using 

SEM. Figure 5.2 shows SEM images and EDS spectra for CDA nanofibers following 0, 5, 10, 50, 

and 150 cycles of DEZ infiltration at 150 ˚C.  The SEM images in Figure 5.2 show that the fiber 

structure was unaffected by the vapor infiltration process, and no notable change occurred in fiber 

diameter upon DEZ infiltration. Figure 5.3 shows the zinc content of the DEZ-treated samples 
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determined by EDS. The amount of zinc increased rapidly from 0 to 17 wt. % in the first 30 cycles 

of DEZ infiltration, and then increased slowly in the additional infiltration cycles. The highest zinc 

content, 25 wt. %, was measured after 300 cycles of DEZ exposure. 

 

 

Figure 5.2. SEM images for CDA nanofibers following (a) 0, (b) 5, (c) 10, (d) 50, and (e)150 

cycles of DEZ vapor infiltration at 150 °C. EDS spectra for the corresponding samples are shown 

in (f). The vapor infiltration process follows the exposure sequence of “n” (DEZ dose/ DEZ hold/ 

N2 purge) + 1(H2O dose/ H2O hold/ N2 purge) = “n” (1/ 60/ 40) + 1(1/ 60/ 40) s, where n is the 

number of DEZ exposure cycles. Scale bar of 5 μm is used in all of the SEM images.  
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Figure 5.3. Zinc content measured by EDS of CDA nanofibers following DEZ vapor infiltration 

at 150 ˚C.  

In the following set of experiments, we identified the desired carbonization temperature 

for preparation of pristine carbon nanofibers from DEZ-treated CDA nanofibers. CDA nanofibers 

treated with 50 cycles of DEZ were carbonized at 600 and 900 °C for 3 h, respectively. We found 

that the extent of zinc removal during carbonization was dependent on the carbonization 

temperature. SEM image in Figure 5.4a shows the sample carbonized at 600 °C for 3 h. EDS results 

confirm high zinc (> 19 wt. %) and oxygen (> 15 wt. %) contents for the sample carbonized at 600 

°C. The fiber sample carbonized at 900 °C (Figure 5.4b) shows smooth fiber surface and the Zn 

content less than the detection limit of EDS. The removal of zinc at 900 °C is due to Zn 

volatilization at the higher temperatures, consistent with what has been reported for porous carbon 

materials prepared from zinc-containing metal organic frameworks (MOFs).24–27  Based on these 

results, 900 °C was identified to be preferable than lower temperatures for preparing pristine 

carbon nanofibers from DEZ-treated CDA nanofibers. 
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X-ray diffraction (XRD) was applied to examine the effects of DEZ treatment and 

temperature of carbonization on the structural properties of the carbonized CDA fibers. XRD 

measurements were performed on the untreated (0cy DEZ) and the 50 cycles DEZ-treated samples 

carbonized at 900 °C, as well as the 50 cycles DEZ-treated sample carbonized at 600 °C. XRD 

results in Figure 5.5 show that the DEZ treatment did not affect the crystallinity of the carbonized 

CDA nanofibers at 900 °C. Both the untreated and 50 cycles DEZ-treated samples carbonized at 

900 °C show (002) and (101) carbon peaks of similar intensity.  The broad (002) and (101) carbon 

peaks located at 23 and 43 ° reveal that carbonized CDA materials at 900 °C are not graphitized, 

which is consistent with previous studies.19,20,28,29 The XRD pattern for the 50 cycles DEZ-treated 

sample carbonized at 600 °C showed a weak (002) carbon peak and strong (100), (002), and (101) 

ZnO peaks located at 32, 34, and 36 °, respectively. This XRD result agrees with EDS results in 

Figure 5.4 and confirms that the presence of ZnO depends on the carbonization temperature, such 

that samples carbonized at 900 °C do not show ZnO, while ZnO is found in samples carbonized at 

600 °C.  
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Figure 5.4. SEM images for CDA nanofibers treated with 50 cycles of DEZ vapor infiltration at 

150 °C, following by carbonization at (a) 600 °C, and (b) 900 °C for 3 h. EDS spectra for the 

corresponding samples are shown in (c). Scale bar of 2 μm is used in all of the SEM images. 

 

Figure 5.5. XRD patterns for (a) untreated, (b) 50 cycles DEZ-treated CDA nanofibers carbonized 

at 900 °C for 3 h, and (c) 50 cycles DEZ-treated CDA nanofibers carbonized at 600 °C for 3 h.  
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Next, we evaluated the changes in morphology of untreated and DEZ-treated CDA 

nanofibers upon carbonization at 900 °C. SEM images in Figure 5.6 show the morphology of 

untreated and DEZ-treated CDA nanofibers after carbonization at 900 °C for 3 h. We found that 

the zinc incorporation affected the morphology of carbonized CDA nanofibers. With ≤ 5 cycles of 

DEZ infiltration i.e. < 7.0 wt. % Zn, carbonization at 900 °C led to a loss of nanofiber structure. 

Upon 10 cycles of DEZ, corresponding to ~10.0 wt. % Zn, the fiber structure was slightly preserved 

upon carbonization and fusion of individual fibers was observed. As the amount of Zn further 

increased, the fiber structure was clearly maintained where distinct individual fibers formed after 

carbonization. Notably, the average diameter of DEZ-treated samples decreased from ~300 to 250 

nm upon carbonization.  
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Figure 5.6. SEM images for carbonized CDA nanofibers treated with (a) 0, (b) 5, (c) 10, (d) 50, 

and (e) 150 cycles of DEZ vapor infiltration following carbonization at 900 °C for 3 h in N2. EDS 

spectra for the corresponding samples are shown in (f). Scale bar of 2 μm is used in all of the SEM 

images.   

We are interested in relating the physical changes described above to chemical and thermal 

changes due to DEZ modifications. Specifically, we noted the following: 1) at low zinc loading (≤ 

10 DEZ cycles), where CDA fibers were only slightly modified, we observed a loss of fiber 

structure upon carbonization, and 2) when the CDA polymer was modified more extensively at 

higher zinc loadings (> 50 DEZ cycles), the thermal properties of the CDA were altered, giving 

rise to the preserved fiber structure after carbonization.  
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5.4.2. Changes in Chemical and Thermal Properties of CDA upon DEZ Modification 

We measured changes in IR absorbance of CDA fibers during DEZ infiltration, as a 

function of DEZ cycles, by using in-situ FTIR spectroscopy. The bottom-most spectrum (“0cy 

DEZ”) in Figure 5.7 corresponds to the starting CDA material.  The starting CDA spectrum shows 

IR peaks for the hydroxyl and ester functional side groups. The peak at 3500 cm-1 is due to O-H 

stretching of hydroxyl group, and the peaks at 1751 and 1230 cm-1 are ascribed to stretching of 

C=O and C-O bonds of the ester group.19,20 In addition, C-H stretching modes for –CH3 and CH2 

groups locate at 2939 and 2891 cm-1 respectively. The peaks at 1157, 1047 and 899 cm-1 are due 

to the different C-O-C and C-O vibration modes of the CDA polymer backbone. The spectra 

collected after DEZ exposure are shown in differential mode relative to the previously plotted 

spectra, where negative going and positive going peaks correspond to modes removed and added, 

respectively.  

The spectrum labeled “1cy DEZ” corresponds to changes that occurred in the starting CDA 

after 1 cycle of DEZ. The “1cy DEZ” spectrum shows a loss of O-H peak at 3500 cm-1 due to 

consumption of hydroxyl groups from CDA. A gain of C-H peak at 2854 cm-1 arises from ethyl 

groups of DEZ reacting with CDA.  In addition, the two negative-going modes at 1731 and 1756 

cm-1 and the two positive-going modes at 1770 and 1702 cm-1 are related to ester C=O bond of 

CDA. Similar changes are also found in the ester C-O peak, which show a negative-going mode 

at 1253 cm-1 and a nearby positive-going at 1284 cm-1. A new peak at 1562 cm-1 also emerges after 

the 1st DEZ exposure. The same changes of lower intensity are observed after the 2nd cycle of DEZ 

exposure. The smaller changes shown in the “2cy DEZ” spectrum indicate that there were fewer 

hydroxyl and ester groups available for reaction with DEZ after the 1st DEZ cycle, therefore fewer 

ethyl groups from the DEZ would be added. After 10 DEZ cycles, while the peak at 1562 cm-1 
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intensified, the different positive going modes associated with ester C=O and ester C-O 

disappeared, and we observed a greater net loss of ester C=O and C-O. The “11cy DEZ” spectrum 

shows there is no change in between the 10th and 11th cycle of DEZ exposure. This suggests that 

saturation is reached after 11 cycles of DEZ infiltration, and there is no further reaction between 

CDA and DEZ. We note that fewer DEZ cycles were needed for saturation in the IR results 

comparing to the SEM results (10 vs. 50 DEZ cycles). This difference is due to the smaller sample 

size (~20 vs. 200 mg) that was used in the in-situ IR study to allow IR transmission signal.  

The observed bond changes of the ester C=O peak are in agreement with the previous IR 

study of TMA infiltration on PMMA.30 Based on the mechanisms described for the TMA-PMMA 

infiltration reactions, our IR results suggest that DEZ coordinates with the ester group in CDA to 

form intermediate species, producing positive-going modes associated with the ester C=O bond. 

These positive-going modes are later removed, consistent with further reaction to form the product 

with IR signature at 1562 cm-1. The identity of the reaction product is not known exactly for our 

CDA-DEZ system, but IR data suggest that it corresponds to stretching vibrations of ester C=O 

where the carbonyl carbon is linked to -O-Zn-CH2CH3 where Zn further coordinates with oxygen 

on other chains. In addition, Knez et al. found that since DEZ is a weaker Lewis acid than TMA, 

it is more likely to crosslink polymer chains of cellulose than TMA.14 Based on the in-situ IR 

findings, we conclude that DEZ modification of CDA proceeds mainly through reactions with the 

hydroxyl and ester side groups of CDA.   
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Figure 5.7. IR spectra presented in differential absorbance mode over the range of 4000 – 600 cm-

1 were collected for CDA nanofibers after 0, 1, 2, 10, and 11 cycles of DEZ vapor infiltration at 

150 °C. The spectra were offset and the starting CDA spectrum (“0cy DEZ”) was multiplied by a 

factor of 
1

10
.    

The thermal properties of CDA nanofibers treated with 0, 5, 10, 50, and 150 cycles of DEZ 

infiltration at 150 ˚C were evaluated using TGA and DSC. The TGA results in Figure 5.8a reveal 

that the DEZ infiltrated samples are less thermally stable than the starting CDA nanofibers. The 

decomposition temperature of CDA nanofibers decreases from 370 ˚C to 280 ˚C after 150 cycles 

of DEZ infiltration. The DSC results in Figure 5.8b show that the untreated CDA nanofibers 

exhibit a melting transition at around 230 °C, which gradually disappears for the CDA nanofibers 

treated with more DEZ cycles. Since the melting behavior is usually  related to polymer 

crystallinity, the disappearance of the melting transition after DEZ exposure suggests that the 
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crystallinity of CDA nanofibers is removed due to DEZ modifications.31 The disappearance of 

melting transition is the reason that the fiber structure of DEZ-treated CDA nanofibers was 

preserved during carbonization. In addition, the glass transition decreased from about 179 to 140 

˚C after 150 cycles of DEZ infiltration. The decrease in glass transition further suggests that there 

is greater polymer chain mobility, as the crystalline regions of CDA polymer were removed after 

DEZ modifications. 

 

Figure 5.8. (a) TGA, and (b) DSC measurements for CDA nanofibers following 0, 5, 10, 50, and 

150 cycles of DEZ infiltration at 150 ˚C. TGA and DSC measurements were performed from 40 

to 600 ̊ C and from 40 to 240 ̊ C, respectively at a heating rate of 10 ̊ C/min under N2 environment.  
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5.4.3. Total Product, Ash and Carbon Yields 

We evaluated the total product yield and ash content in separate experiments to determine 

the effect of DEZ infiltration on the carbon yield of CDA.  Two sets of samples were prepared for 

each DEZ exposure condition.  One set was carbonized at 900 °C for 3 h in nitrogen, and one set 

was annealed in air at 600 °C for 2 h to remove all carbon content.  After carbonization, EDS 

shows the resulting products consist of separate carbonaceous materials and ZnO, where the 

carbonaceous material contains no measurable ZnO. The air-annealed samples yielded ZnO as 

determined by EDS.  The total product yield (Yt) and the ash yield (Ya) were determined by mass 

change after carbonization and air-annealing, respectively. The carbon yield (Yc) is the fraction of 

carbon remaining after carbonization relative to the starting sample mass, and is given by: 

 

            Yc = Yt - Ya                               (5.1)  

      

Figure 5.9 shows the total product yield, ash yield, and carbon yield as a function of DEZ 

cycles. The results show that the ash yield increased rapidly from ~0 to 7 wt. % after 20 cycles of 

DEZ and leveled off at ~11 wt. %. This trend follows that shown in Figure 5.3 for the zinc content 

measured after infiltration (before carbonization). The total product yield was about 8 wt. % for 

untreated CDA, which increased to ~11 wt. % after 5 cycles of DEZ infiltration, and further 

increased to ~16 wt. % after 150 cycles. Accordingly, the inferred carbon yield stayed about the 

same (~8 to 9 wt. %) after 10 DEZ cycles but decreased to ~4 wt. % as the DEZ cycles further 

increased. The decrease in carbon yield is likely due to the decrease in thermal stability of CDA 
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nanofibers after DEZ modification, as shown in TGA results. In addition, carbothermal reduction 

of ZnO by carbon may also cause the carbon yield to decrease.32    

 

Figure 5.9. Total product yield, ash yield and carbon yield as a function of DEZ cycles. Total 

product yield (Yt) is the mass change measured after carbonization of CDA nanofibers treated with 

different DEZ cycles at 900 ˚C for 3 h in N2 environment. Ash yield (Ya) is the mass change 

measured after heating the same samples in air at 600 ˚C for 2 h. Carbon yield (Yc) is calculated 

using equation 5.1. 
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5.4.4. Surface Area and Pore Volume Analyses  

The effect of DEZ infiltration on the surface area and pore volume of the carbonized CDA 

nanofibers was evaluated using nitrogen sorption at 77 K. Figure 5.10a, b show the nitrogen 

sorption isotherms and pore size distribution for CDA nanofibers treated with 0, 5, 10, 50, and 150 

cycles of DEZ and carbonized at 900 °C for 3 h. Figure 5.10c shows surface area and pore volume 

analyzed for the corresponding nitrogen sorption isotherms shown in Figure 5.10a. Surface area 

and pore volume were calculated using BET and QSDFT models, respectively.  

We find that the changes in micro- and mesopore volumes are mainly dependent on the 

two chemical processes that occur during carbonization. The first process (process 1) affecting 

porosity formation in carbon nanofibers is the decomposition of CDA polymer structure, which 

takes place at low temperatures, ranged from 200 to 400 ˚C as suggested by TGA results in Figure 

5.8a. The decomposition process of CDA involves dehydration, deacetylation and 

depolymerization reactions, and results in evolution of volatile matter. The second process 

(process 2) governing porosity formation is the volatilization of Zn, which occurs at temperatures 

> 600 ˚C as suggested by the SEM results in Figure 5.4.24–27  

Figure 5.10c shows that the untreated CDA (“0cy DEZ”) sample consists mainly of 

micropores (Vmicro ~0.24 cm3/g) and a small amount of mesopores (Vmeso ~0.10 cm3/g). For the 

untreated CDA, the decomposition of CDA (process 1) accounts for the measured micropore 

volume. For CDA treated with 5 cycles of DEZ, Vmeso increases notably from 0.10 to 0.38 cm3/g, 

while Vmicro increases slightly from ~0.24 to 0.26 cm3/g. IR results suggest that mainly side groups 

of CDA react with DEZ upon 5 cycles of DEZ exposures. In addition, TGA results reveal that 

decomposition of CDA is not severely altered. Therefore, process 1 is still responsible for the 

formation of micropores. The increase in mesopore volume is possibly due to volatilization of Zn 
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at T > 600 ˚C.  Specifically, carbothermal reduction of zinc oxide is reported to occur at ~800 ˚C, 

where ZnO(s) reacts with C(s) to form Zn(g) and CO(g).32 As a result, the mesopores are formed 

when existing micropores from process 1 are enlarged during process 2. 

As the number of DEZ cycles increases from 5 to 150, Figure 5.10c shows Vmicro increases 

from 0.26 cm3/g to 0.56 cm3/g while Vmeso decreases from 0.38 cm3/g to 0.08 cm3/g. The increase 

in Vmicro suggests that with additional Zn present Vmicro depends strongly on process 2. With more 

DEZ incorporated into CDA, a greater extent of Zn volatilization is expected to occur and gives 

rise to an increase in Vmicro. As CDA nanofibers are exposed to an increasing amount of DEZ, IR 

results suggest that the CDA becomes extensively modified. The TGA results show that extensive 

chemical modifications by DEZ lead to a decrease in thermal stability i.e. the decomposition 

temperature decreases from ~370 to 280 ˚C after 150 cycles of DEZ infiltration. The decrease in 

CDA decomposition temperature alters the porosity formation during process 1 and process 2. For 

CDA treated with ≥ 10 cycles of DEZ, the micropore volume is dominant and volatilization of Zn 

accounts for the formation of micropores.  
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Figure 5.10. (a) Nitrogen sorption isotherms collected at 77 K over the relative pressure range of 

0.02 to 0.995, (b) pore size distribution calculated using QSDFT method, and (c) the corresponding 

surface area and pore volume analyses by BET and QSDFT methods for CDA nanofibers treated 

with 0, 5, 10, 50 and 150 DEZ cycles at 150 ˚C following carbonization at 900 ˚C for 3 h. 
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Based on the SEM and N2 sorption results, we find that vapor infiltration of DEZ is a 

promising chemical treatment for preparing nanostructured carbon materials from pre-shaped 

thermoplastics.  The resulting products have: 1) macrostructure retained from the starting material 

(i.e., fibers), 2) high surface area and 3) controlled porosity distribution. This result is significant 

because DEZ treatment offers advantages over conventional approaches. Traditionally, air 

stabilization is performed on electrospun PAN nanofibers to convert PAN from a thermoplastic 

into a thermoset and to prevent the loss of fiber structure during carbonization. In addition, air 

stabilization is a time-intensive process that proceeds at very slow rates (ranges from 1 – 3 °C/min) 

and has not been shown to be effective for other thermoplastic materials. Additionally, physical 

activation with steam is typically applied after carbonization to increase the surface area and pore 

volume. Therefore, DEZ infiltration treatment can be considered as a much more efficient 

approach for preparing structural carbon materials with high surface area and pore volume from 

thermoplastics.  

Based on the commercial price for DEZ and the approximate use of DEZ in our current 

(non-optimized) process, the DEZ treatment reported here would be more than double the cost of 

the CDA raw material. However, if interest arose in this approach, we believe that optimized 

process conditions and large-batch scaling could make the cost of VPI processing for preparation 

of CNF from CDA more economically feasible.  
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5.4.5. Synthesis of Hollow Carbon Nanofibers via ZnO ALD  

The above results demonstrate that vapor infiltration of DEZ into CDA fibers allows the 

fibers to retain their shape after thermal treatment to 900 °C, enabling the preparation of carbon 

nanofibers from the CDA thermoplastic. Next, we demonstrate that by careful modification of the 

process conditions for DEZ vapor infiltration, we can limit the chemical modification to the surface 

and/or subsurface of the CDA nanofibers and leave the fiber core unmodified. Upon thermal 

treatment at 900 °C, the unmodified core region of the treated CDA nanofibers should be melted 

away due to the melting transition of CDA, while the modified surface region should remain and 

form a hollow carbon nanofiber structure.  

We found that controlled subsurface modification can be achieved by 1) lowering the 

process temperature (i.e., 90 °C was used instead of 150 °C), 2) using pulse exposure of DEZ 

(removing the hold step), and 3) applying a pulse exposure of water after every pulse DEZ 

exposure. Each exposure cycle of the revised procedure followed the time sequence of 1 s DEZ 

dose, 40 s N2 purge, 1s H2O dose, and 40 s N2. The revised infiltration procedure that promotes 

the surface modification and gives rise to formation of metal oxide is known as atomic layer 

deposition (ALD). From here on, a cycle of pulse exposure of DEZ and water is referred to as 1 

“ZnO ALD cycle”. ALD has been previously applied to sacrificial polymer substrates to prepare 

structural nanomaterials.10,16,33 It was found that careful control on process temperature is essential 

for controlling the structure of resulting materials using ALD.23 With this approach as depicted in 

Figure 5.11, we propose that by applying ZnO ALD to CDA nanofibers, followed by heat treatment 

to remove the ZnO from modified surface and unmodified core of CDA nanofibers, hollow carbon 

nanofiber structures can be obtained. 
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Figure 5.11. Schematic of the ZnO ALD process applied to achieve surface modification of CDA 

nanofibers in step 1 and following carbonization to prepare hollow carbon nanofibers from CDA 

nanofibers in step 2. 

The SEM images in Figure 5.12a,b show that HCNF are successfully synthesized using the 

revised conditions in which CDA nanofibers were treated with 200 cycles of ZnO ALD. The ZnO 

ALD process performed at the lower temperature of 90 °C was effective to limit the diffusion of 

DEZ into the subsurface region of CDA nanofibers. Followed by the 3 h of carbonization at 900 

°C, the unmodified core region was removed due to the melting transition of CDA, and the ZnO 

evolved from the CDA substrate to give rise to the formation of HCNF.  
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Figure 5.12. SEM images of (a) HCNF prepared from electrospun CDA nanofibers treated with 

200 cycles of ZnO ALD following carbonization at 900 °C for 3 h, and (b) a zoom-in view of a 

single hollow carbon fiber. Nitrogen sorption isotherm and pore size distribution calculated by 

QSDFT for the HCNF are shown in (c) and (d).  

Figure 5.12c,d show the nitrogen sorption isotherm and pore size distribution for the 

HCNF. The resulting HCNF has a BET surface area of ~1700 m2/g and total pore volume of 1.51 

cm3/g. The BET surface area of HCNF is comparable to several PAN based activated CNF 

materials reported previously.34–36 The BET method was applied according to Rouquerol 

consistency criteria and the fitted results show a positive slope, intercept and  C constant values of 

2.04, 0.00216 and 946, respectively. In addition, the HCNF consist of 0.99 cm3/g mesopores 

(~66% of total pore volume), making them attractive for filtration and electrochemical capacitor 

applications.37,38 Previously, HCNF were prepared by coaxial spinning of PAN and PMMA 
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polymer to form core-shell nanofibers (PAN as the sheath phase and the PMMA as the core 

phase).39,40 PMMA, which usually has lower thermal stability than PAN, can be selectively 

decomposed upon carbonization.  In addition to coaxial spinning, PAN-co-polystyrene (PS) 

copolymer has been used to prepare HCNF.41 These previous approaches have generally involved 

the use of sacrificial polymer which adds additional materials costs. More importantly, these 

previous approaches are limited to using PAN as the carbon precursor and have not been shown 

applicable to other thermoplastics. Our approach by ZnO-ALD subsurface modifications has 

demonstrated that other electrospun thermoplastics can be applied to prepare HCNFs. Lastly, 

HCNF offer shorter diffusion pathways to ions which can lead to faster rate performance when 

used in electrochemical capacitors.  
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5.5. Conclusion 

In this study, we demonstrated the use of vapor infiltration of DEZ for the preparation of 

carbon nanofibers from electrospun CDA nanofibers. Through IR analysis, we found that DEZ 

vapor infiltration at 150 °C could greatly modify the chemical structure of CDA. DEZ reacts with 

the hydroxyl and ester side groups of CDA. As a result of the chemical modifications, the DEZ-

treated CDA nanofibers did not show melting transitions.  We found that the fiber structure was 

preserved after carbonization for samples with ≥ 10 wt. % Zn incorporated. In addition, vapor 

infiltration of DEZ allows control on the pore volume distribution of the CDA-derived carbon 

nanofibers. With ~7 wt. % of Zn incorporated, the mesopore volume increased from ~0.10 to 0.38 

cm3/g and the micropore volume remained the same (~0.25 cm3/g). As the amount of Zn increased 

further, while the micropore volume increased and leveled off at ~0.56 cm3/g, the mesopore 

volume decreased (< 0.1 cm3/g). Through revising the DEZ vapor infiltration process into the ZnO 

ALD process, surface modification of CDA nanofibers was achieved with 200 cycles of ZnO ALD 

at 90 °C and following carbonization at 900 °C allowed for the synthesis of HCNF. The resulting 

HCNF have a surface area of ~1700 m2/g and a total pore volume of 1.51 cm3/g that are 

significantly higher than CNF, making it a promising material for energy storage applications.  
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6.1. Abstract 

This work shows that porous carbon materials systematically synthesized from cellulose 

diacetate (CDA) act as high-performance electrodes in supercapacitor systems. Pre- and post-

carbonization treatments were carried out to investigate the effects of preparation conditions on 

surface area, pore volume, and surface oxygen content, and to correlate these parameters with the 

charge storage capacity. As a pre-carbonization treatment, we examined metalation of CDA via 

vapor phase infiltration of trimethyl aluminum (TMA) or diethyl zinc (DEZ) to modify porosity 

of CDA based carbons. In addition, CO2 activation and nitric acid oxidation treatment were 

evaluated as additional means to modify surface areas and oxygen contents. We found that CO2 

activation is most effective for creating micropores and thereby giving rise to a significant increase 

in surface area. However, due to the restricted access of micropores to the solvated electrolyte 
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molecules, only a small improvement in charge storage capacity was achieved CO2 activation was 

applied alone. The presence of mesopores is important for the transport of electrolyte molecules 

into micropores. We found that the combination of TMA metalation and CO2 activation is effective 

for mesopore formation and surface area improvement, which gave rises to carbon materials with 

promising capacitive electrode performance. In addition, we found that surface oxygen content 

had a significant effect on the charge storage capacity in aqueous electrolyte. Upon the nitric acid 

treatment, a significant increase in surface oxygen content is measured. As a result of high oxygen 

contents, all nitric acid treated samples show the largest improvement in specific capacitance 

which is likely due to 1) the enhanced electrode wettability, and 2) pseudocapacitance effect. 

Through this study, we demonstrate that CDA-derived carbons are viable materials for 

electrochemical capacitors, and the different treatments applied are effective for modifying 

different material properties to improve charge storage capacity. 

6.2. Introduction 

Supercapacitors, also known as electrochemical capacitors, are critical components in 

energy storage devices with high power density, short charge-discharge time and long cycle life. 

Among them, electric double layer capacitors (EDLC) are the most common type.1–4 In EDLCs, 

charge storage arises from the physical formation of an electric double layer at the electrode-

electrolyte interface.2,4,5 Double layer capacitance is generally dictated by surface chemistry and 

physical characteristics of the electrode materials. Surface area and porosity are the key physical 

features relevant to the charge storage of supercapacitors.2,4,5 Commercial supercapacitors are 

made of activated carbons with surface area up to 2500 m2/g and capacitance of ~60 – 130 F/g.4 

Activation is usually employed to increase surface area of carbon materials.4  Physical activation 
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is commonly accomplished with CO2 to increase surface area by the creation of microporosity. 

Likewise, chemical activation is performed with metal salts to achieve higher surface areas.6–9 

The surface chemistry of carbon materials plays an important role in the charge storage of 

supercapacitors.10–12 Various oxygen functionalities presented on the carbon surface affect 

electrode performance in different ways. Surface oxygen species are formed due to incomplete 

carbonization of the precursors, exposure in air or by using subsequent treatments. Nitric acid has 

been previously applied to improve wettability and charge storage capacity of carbon materials.13–

17
  Even if some oxygen species are electrochemically inert, they enhance wettability and improve 

pore access of electrolytes and, thus yield higher double layer capacitance. Moreover, if surface 

oxygen species are redox-active, they give rise to increased charge storage in the form of 

pseudocapacitance.10   

Cellulose diacetate (CDA) is a commodity polymer derived from cellulose that is used 

commercially, primarily for cigarette filters.18 As for energy storage applications, many studies 

have employed electrospun CDA to prepare carbon nanofibers that exhibit high external surface 

area.19–22 Kuzmenko et al.22 prepared carbon nanofibers from CDA nanofibers with an 

intermediate deacetylation step. Eichhorn et al.21 have employed a similar process to prepare 

carbon nanofibers from a mixture of CDA and carbon nanotubes (CNT). The resulting carbon 

nanofibers showed an improved specific capacitance in electrodes with the use of CNT.  Other 

efforts, as those by our group, have included  wood-derived lignin, which has been used in the 

form of electrospun mats.23 However, producing carbon nanofibers by electrospinning is a multi-

step process that is highly time intensive. In the search for more facile methods using CDA, 

microporous carbon materials were prepared directly from used cigarette filters.24,25  
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Even considering these past efforts, very little has been achieved to quantify the 

performance of carbon materials derived from CDA. Furthermore, chemical modifications of 

CDA, including activation or post-carbonization treatments, have not been explored as processes 

that can give rise to better performing carbon materials for supercapacitors. In this study, 

unmodified and metalated CDA were applied and characterized to prepare high surface area carbon 

materials for supercapacitors. Metalated CDA was prepared by vapor phase infiltration (VPI) 

which is a procedure derived from atomic layer deposition (ALD).26,27 Vapor phase infiltration is 

a vapor phase processing technique that has been mainly applied to perform inorganic 

modifications of various polymer materials using organometallic compounds.28 Trimethyl 

aluminum (TMA) and diethyl zinc (DEZ) are organometallic compounds with high vapor 

pressures that have been commonly used as precursors for aluminum and zinc oxide formation in 

VPI and ALD.29–31 In our previous work, we demonstrated VPI of diethyl zinc into CDA 

nanofibers for carbon nanofiber syntheses, and we found that DEZ played an important role in the 

porosity formation.32 The resulting carbon nanofibers obtained from DEZ-treated CDA nanofibers 

were shown to have high surface areas and pore volumes, which can be promising materials for 

supercapacitor electrodes. 

In this report, DEZ- and TMA-treated CDA were prepared using VPI and carbonized at 

900 °C to form carbon materials for supercapacitor electrodes. We found that the different 

metalation species plays important role in the porosity formation of carbon materials, while 

micropores are favored to form with DEZ metalations, TMA metalations give rise to formation of 

mesopores. In addition, we also investigated post-carbonization treatments by CO2 activation and 

nitric acid treatment for both unmodified and metalated CDA based carbon materials. Our effort 

reported here focuses on understanding the effects of metalation, CO2 activation and acid treatment 
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on the porosity, surface oxygen content and supercapacitor performance of the carbon materials 

derived from CDA.  

6.3. Experimental Section 

6.3.1. List of Chemicals and Materials 

Cellulose diacetate flakes from Eastman Chemical were used as the source material for 

carbon. Potassium hydroxide (KOH) from Fisher Chemical was used as purchased to prepare the 

aqueous electrolytes for electrochemical tests. Nitric acid (14 M) from Fisher Scientific was used 

to treat CDA based carbon materials. 99.5 % anhydrous 1-methyl-2-pyrrolidinone (NMP) from 

Sigma-Aldrich, polyvinylidene fluoride (PVDF) with a MW ~534,000 from Aldrich, and 99.9+ % 

acetylene carbon black from Alfa Aesar were used as received to fabricate electrodes. 99.999 % 

nitrogen gas from Arc3 used as the purge gas during vapor infiltration and carbonization processes.   

6.3.2. Vapor Phase Infiltration of Diethyl Zinc and Trimethyl Aluminum  

CDA flakes were infiltrated with diethyl zinc (DEZ) or trimethyl aluminum (TMA) from 

Strem Chemicals using a custom made, viscous-flow, hot-walled, ALD vacuum reactor.27 The 

reactor was operated using N2 as the carrier and purge gas at 150 ˚C at a reduced pressure of ~1.7 

Torr. 150 °C was chosen as the upper temperature limit for DEZ infiltration to not approach the 

melting transition of CDA (~230 °C). Samples of CDA nanofibers of ~200 mg were used for DEZ 

vapor infiltration. After loading the sample into the reactor, ~30 min was allowed for the sample 

to reach thermal equilibrium with the reactor under N2 flow. The DEZ infiltration process typically 

proceeded with a short dose of DEZ vapor into the reactor, which was followed by holding the 

DEZ vapor in the reactor for a set time, and then followed by a N2 purge to remove reaction 

products and excess DEZ in the reactor. After the DEZ exposure was repeated for the desired 

number of times, the infiltration process was finished with single exposure of water vapor to 



   

123 

 

oxidize any entrapped reactive precursors in the sample. The water exposure consisted of a short 

dose of water vapor into the reactor and held in the reactor for a given time. In brief, a typical 

vapor infiltration exposure sequence is expressed as “n” (DEZ dose/ DEZ hold/ N2 purge) + (H2O 

dose/ H2O hold/ N2 purge), for example, “n” (1/ 60/ 40) + (1/ 60/ 40) seconds.   

6.3.3. Carbonization and CO2 Activation 

Unmodified and metalated CDA flakes were carbonized in a tube furnace from Thermo 

Scientific. Each carbonization sample consisted of 5.0 g of CDA flakes. A typical carbonization 

process consisted of a ramping period at the fixed ramp rate of 5 °C/min, and a soaking period at 

the final temperature of 600 – 900 °C in the flowing N2 environment (flow rate of N2 was set at 

0.5 SCFH). When CO2 activation was applied, a 1 h soaking period in CO2 was performed 

followed by a 2 h soaking in nitrogen.   

6.3.4. Nitric Acid Treatment 

For this procedure, ~1.0 g of CO2 activated carbon materials from unmodified or metalated 

CDA was treated with 20 ml of 14 M nitric acid in a 100-mL glass flask on a hot plate at the 

temperature of 100 °C and under stirring for 1 h. The acid treated carbon was filtered with the use 

of a vacuum pump and repeatedly rinsed with deionized water.  The acid treated carbon was then 

dried in vacuum oven at 110 °C overnight.   

6.3.5. Electrode Fabrication 

Carbon slurries were prepared using the prepared carbon materials to fabricate electrodes 

for electrochemical testing. As a standard procedure, a carbon slurry was prepared by mixing ~0.5 

g of the as prepared carbon, ~0.1 g of PVDF as the polymer binder, and ~0.025 g of carbon black 

as the conductive agent in 2.0 mL of NMP.  Nickel foil (Alfa Aesar, 0.025 mm thick) strips were 

used as current collectors and substrates for cast electrode. Each electrode had a nominal area of 1 
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cm x 1cm. The cast electrodes were dried overnight in vacuum oven at 110 °C. The thickness of 

the electrodes was ~200 μm. 

6.3.6. Cyclic Voltammetry  

Symmetric two-electrode measurements were conducted using a sandwich cell constructed 

using two Teflon blocks. Two electrodes placed between the blocks were separated by a 

cellulose/polyester blend nonwoven (150 μm, Texwipe) and suspended in a glass beaker 

containing 1.0 M KOH aqueous electrolyte. Prior to testing, both the electrodes and separator were 

wetted with the electrolyte separately. Cyclic voltammograms (CV) were recorded at scan rates 

that varied from 1.0 to 2000 mV/s in a 0.8 Volt window using a Biologic VMP3000 potentiostat. 

Specific capacitance per electrode, C (F/g) is calculated using equation 6.1. Where I is the current 

measured using CV, m is the mass of an electrode, ν is the voltage ramp rate, Vi and Vf are the 

starting and end-vertex voltages, a factor of 2 is included to adjust the specific capacitance 

calculated per cell.   

 

                                                                C =
2 ∫ I

Vf
Vi dV

νm(Vf-Vi)
     (6.1)                                                   
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6.3.7. Material Characterization  

Morphology and elemental analysis: A FEI Verios 460 scanning electron microscope (SEM) with 

the energy dispersive spectroscopy (EDS) attachment was used to perform elemental analysis 

during SEM imaging to confirm the presence of metal species and evaluate the approximate 

oxygen content of the CDA based carbon materials.  All SEM samples were sputter coated with 

~6 nm of palladium/gold prior to imaging. 

Chemical and structural properties: Fourier-transform infrared spectroscopy (FTIR) was 

used to determine changes in chemical functionalities of the prepared carbon materials due to nitric 

acid treatment.  FTIR spectra were recorded in transmission mode for 200 scans at 4 cm-1 

resolution using a Nicolet 6700 spectrometer.  Pellets consisting of 0.5 wt % of carbon materials 

in potassium bromide (KBr, FTIR grade, Sigma Aldrich) were prepared for the collection of FTIR 

spectra.  Raman spectroscopy was applied to evaluate the structural properties of the as prepared 

carbon materials. Raman spectra were recorded using a Horiba-Jobin Yvon LabRAM HR VIS 

confocal microscope that is equipped with a 632 nm laser source and calibrated to the silicon peak 

at 520.7 cm-1. X-ray diffraction (XRD) was performed to evaluate the graphitic content of the as 

prepared carbon materials with a Rigaku SmartLab diffractometer using a Cu Kα source with a 

wavelength of 1.54 Å. 

Pore size and surface area analysis: Nitrogen sorption measurements were performed at 

77 K using a Quantachrome Autosorb-1C in a relative pressure range of 0.020 to 0.995. Samples 

weighted about 30 to 100 mg were degassed at 150 ˚C for 10 to 20 hours prior to nitrogen sorption 

measurements. The AS1 win software was used to analyze surface area using the Brunner, Emmett 

and Teller (BET) theory, and pore volume distribution was calculated using the quenched solid 
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density function theory (QSDFT) assuming carbons with slit pore geometry at equilibrium.  BET 

method was applied according to Rouquerol consistency criteria.  

6.4. Results and Discussion 

6.4.1. Material Properties and Electrode Performance of Carbonized CDA  

First, we evaluated the materials properties and electrode performance of carbon materials 

from the unmodified CDA to establish a baseline for our systematic study on properties and 

electrode performance improvements. Structural properties of carbonized CDA was examined 

using XRD and Ramen spectroscopy, and the results are shown in Figure 6.1a,b. Figure 6.1a 

reveals the typical (002), (100) and (100) X-ray diffraction peaks of non-graphitized carbon for 

CDA carbonized at temperatures from 600 to 900 °C. While the (100) and (110) peaks are related 

to lateral size of graphene layers, the (200) peak is related to their stacking. The relative magnitude 

of the two types of peak does not appear to change with increasing temperature, which implies that 

non-graphitic carbon structures are set at a temperature as low as 600 °C; i.e., they do not vary 

with further increase in temperature.  The Raman spectra shown in Figure 6.1b, reveals the typical 

disorder (1350 cm-1) and order (~1600 cm-1) bands for sp3 and sp2 hybridized carbon bonds 

respectively, which are also known as the disorder (D) and graphite (G) bands. The intensity of 

both D and G bands increases as temperature increases, which indicates that both sp3 and sp2 

carbon bonds are enriched as the structure of carbon materials become more annealed at higher 

temperatures.    

Direct carbonization of CDA flakes in the temperature range of 600 to 900 °C yields carbon 

materials with BET surface areas of 500 – 700 m2/g (Figure 6.1c). Surface area initially increases 

with temperature up to 700 °C then decreases with further thermal treatments, consistent with 

reduction in pore size in the carbon structure due to annealing at higher temperatures. Pore volume 
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distributions in Figure 6.1d reveals that majority of the surface area arises from micropores of less 

1 nm and some of the micropores may have pore width < 0.33 nm that were not being measured. 

The amount of mesopores (pore width between 2 to 50 nm) is small and does not vary significantly 

with temperatures. 

 

 

Figure 6.1. (a) XRD spectra, (b) Raman spectra, (c) BET surface areas, (d) pore volume 

distributions by QSDFT analysis for CDA carbonized at temperatures from 600 to 900 °C. 
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Since the higher carbonization temperatures give better annealed carbon structures (based 

on the Raman results), we decided to evaluate the electrode performance of CDA carbonized at 

900 °C. Electrode performance of CDA carbonized at 900 °C will serve as the baseline condition 

for investigating the various pre- and post-carbonization treatments. The CDA carbonized at 900 

°C was tested in the two-electrode capacitor assembly, and CV results in Figure 6.2 show that the 

material has a small specific capacitance of ~16 F/g. The quasi-rectangular shape of cyclic 

voltammogram is indicative of double layer charge storage behavior. The limited charge capacity 

suggests that the measured micropores are only partially accessible to the electrolyte molecules. 

Rojo et al.33 evaluated double layer capacitance associated with K+ and OH- ions, respectively. 

Through relating the ion specific double layer capacitance with surface area that arises from 

different micropores, it was found that both K+ and OH- are solvated when adsorbed on the carbon 

surface. The sizes of solvated K+ and OH- were estimated to be ~0.37 and 0.63 nm, respectively. 

This supports that narrow micropores (smaller than the size of the solvated ions) are likely not 

available to the electrolyte molecules. 

It is important to recognize that the BET surface area is not always an accurate estimation 

for predicting the capacitive behavior of carbon materials. Because the capacitor testing relies on 

solvated polar molecules, e.g., KOH as the aqueous electrolyte, the  functional capacitive surface 

area is often less than that measured by BET using N2.
1,2,4 Furthermore, the as prepared carbon 

materials are hydrophobic; they often wet poorly in aqueous solution. Because of the poor 

wettability and the inaccessible micropores of the carbon materials prepared by direct 

carbonization, these materials without further modifications, have a limited charge storage 

capacity. We therefore explored modification methods to modify porosity and wettability of the 

carbon to improve overall capacitive performance.  
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Figure 6.2. Cyclic voltammograms collected at 1, 10 and 100 mV/s for CDA carbonized at 900 

°C. 

6.4.2. CO2 Activation and Nitric Acid Treatment for the Unmodified CDA Carbonized at 900 

°C 

Next, we applied CO2 activation and nitric acid treatment to CDA carbonized at 900 °C to 

investigate their effects on porosity and surface oxygen content, as well as the electrode 

performance. In this set of experiments, we evaluated material properties and electrode 

performances for the following samples: 1 (unmodified CDA carbonized at 900 °C), 2 (1 treated 

with CO2 activation, and 3 (1 treated with CO2 activation and nitric acid treatment), as shown in 

Table 6.1.   

BET surface areas and surface area distributions for 1, 2 and 3 were analyzed and shown 

in Figure 6.3a,b. Compared with the sample 1 which has a BET surface area of ~500 m2/g, 2 shows 

a significantly higher surface area of 1100 m2/g due to CO2 activation. The pore volume 

distribution in Figure 6.3b shows that the increase in surface area comes exclusively from the 
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addition of micropores, and the change in mesopores is negligible. However, results for sample 3 

show that the nitric acid treatment leads to a marked decrease in surface area from 1100 to 600 

cm2/g.  This reduction in surface area due to acid treatment is a result of loss of micropores as 

shown in the pore volume distribution in Figure 6.3b. The loss of micropores caused by acid 

treatment is likely due to formation of surface oxides species, consistent with previous 

studies.15,34,35  

 

Figure 6.3. (a) BET surface areas and (b) pore volume distributions by QSDFT for 1 (CDA 

carbonized at 900 °C, the untreated), 2 (1 with CO2 activation), and 3 (1 with CO2 activation and 

nitric acid treatment). 
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The effects of CO2 activation and nitric acid treatment on chemical functionalities of CDA 

carbonized at 900 °C was measured using transmission FTIR spectroscopy and results are shown 

in Figure 6.4. The FTIR spectrum of 1 (the untreated sample) shows weak absorption peaks at 

~2800, 1600 and 1400 cm-1, which correspond to C-H, C-C and CH3 stretching modes, 

respectively. The FTIR spectrum of 2 shows that the CO2 activation treatment did not lead 

significant chemical changes. However, the FTIR spectrum of 3 shows that the oxidative nitric 

acid treatment gives rise to strong and distinct absorption peak measured at 1750 cm-1, 1600 cm-1, 

and 1250 cm-1 that correspond to vibrational modes of C=O (carbonyl), HOC=C, and C-O, C-OH 

and O-H, respectively. The presence of additional surface oxygen functionalities suggests 

improved surface wettability after acid treatment. In addition, EDS results in Table 6.1 reveal that 

both 1 and 2 have minimal oxygen contents while 3 shows a high oxygen content of ~18 wt %, 

consistent with the FTIR results.    

 

Figure 6.4. FTIR spectra for 1 (CDA carbonized at 900 °C, the untreated), 2 (1 treated with CO2 

activation), and 3 (1 treated with CO2 activation and nitric acid treatment). 
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CV results for 2 in Figure 6.5a reveal that CO2 activation gives rise to an increase in charge 

storage capacity, consistent with the increase in surface area. Up to ~50 F/g was achieved at 1 

mV/s for 2, compared to 16 F/g for 1, the untreated material. However, since the majority of 

micropores of 2 is less than 10 Å, not all of the measured surface area is accessible to the electrolyte 

molecules. In addition, both 1 and 2 have an oxygen content that is below the detection limit (~0.5 

wt%). This suggests that both 1 and 2 would exhibit hydrophobic surfaces and poor wettability 

towards aqueous electrolytes.   

Even though that 3 has a surface area of ~600 m2/g, CVs results for 3 in Figure 6.5b indicate 

that the electrode capacitance is greatly increased due to the acid treatment, up to ~117 F/g was 

measured for 3 (Table 6.1). The observed increase in capacitance can be related to the higher 

oxygen content. Since 3 is enriched with oxygen, an improved surface wettability may allow the 

electrolyte molecules to access the pores more readily. In addition, pseudocapacitance may arise 

from redox reactions associated with different surface oxygen functional groups. The cyclic 

voltammograms for 3 exhibit a quasi-rectangular shape with distortion, which implicates a non-

ideal double-layer charging behavior and confirms the presence of pseudocapacitances.10–12,15,35 

Table 6.1 summarizes the key results for both unmodified and modified (DEZ- and TMA-treated) 

CDA carbonized 900 ˚C following different treatments.  

 

 

 

 

 



   

133 

 

Table 6.1. Summary of key results from samples tested. Metalation of CDA was performed as 

pre-carbonization treatment using 50 cycles DEZ or TMA vapor infiltration at 150 °C.  CO2 

activation and nitric acid were post-carbonization treatments that were performed to the 

unmodified, DEZ-treated, and TMA treated CDA carbonized at 900 °C.  SBET is the surface area 

calculated using the BET method. Vtot and Vmicro are the total pore and micropore volumes 

calculated by QSDFT method.  Oxygen contents were measured using EDS. Specific capacitance 

values were measured using cyclic voltammetry at scan rate of 1 mV/s and calculated using 

equation 6.1.  

 

 

 



   

134 

 

 

Figure 6.5. Cyclic voltammograms collected at 1, 10 and 100 mV/s for (a) 2 and (b) 3.   
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6.4.3. Material Properties and Electrode Performance of DEZ- and TMA-treated CDA 

Carbonized at 900 °C 

As another approach to further increase capacitive performance, we hypothesized that 

vapor metalation of the starting CDA may help catalyze pore formation during carbonization or 

CO2 activation. Metal species have been previously shown to affect the porosity of carbon 

materials.6–9 Metal species oxidize the carbon medium at elevated temperatures to form surface 

oxides. Removal of surface oxides by further heating can give rise to additional micropores and 

widening of the existing micropores can lead to formation of mesopores and macropores.  

Metalation of CDA flakes was performed using vapor phase infiltration of DEZ and TMA. 

Vapor infiltration processes were performed in a vacuum chamber at reduced pressure of ~1.8 Torr 

using cyclic exposures of TMA or DEZ.  CDA flakes were infiltrated with 50 to 100 cycles of 

DEZ and TMA, respectively at 150 °C. Upon carbonization at 900 °C, CDA treated with 50 cycles 

of DEZ or TMA, gave rise to carbon materials with surface areas of ~580 to 630 m2/g which is 

~20 % higher than that of the unmodified CDA carbonized at 900 °C (Table 6.1).  

We found that the different metalation species impact the porosity formation differently. 

Pore volume distributions in Figure 6.6c show that the DEZ metalation leads to an increase in 

micropores as compared with the carbon materials from the unmodified CDA. However, TMA 

metalation of CDA leads to formation of mesopores in the resulting carbon materials, as shown in 

Figure 6.6d. EDS results in Table 6.2 reveal that the zinc (Zn) was not found in the DEZ treated 

CDA carbonized at 900 °C. The absence of zinc in the carbon materials is likely due to the 

carbothermal reduction of ZnO and evaporation of metallic zinc that occur at ~900 °C.36 Metallic 

zinc vapor is generated from the carbothermal reduction, where ZnO(s) reacts with the C(s) to 

form Zn(g) and CO(g).36 Therefore, the observed increase in micropores can be ascribed to zinc 
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evaporation, which is consistent with findings from our previous study on carbonization of DEZ-

treated CDA nanofibers, as well as other studies on  pyrolysis of ZnO containing cotton textile and 

Zn based metalorganic frameworks (MOF).32,36,37 In the case of TMA metalation, aluminum (Al) 

was present in the TMA treated samples after carbonization. This is because that carbothermal 

reduction of aluminum oxide does not lead to formation of metallic vapor of Al. Carbothermal 

reduction of Al2O3 involves formation of aluminum oxygen carbide species and multiple oxidation 

reactions of carbon, through which CO(g) is generated and lead to formation of mesopores.38,39    

In addition, Figure 6 showd that there is no significant change in the surface area as the 

number of DEZ or TMA infiltration cycles increase from 50 to 100.  Table 6.2 shows that the zinc 

content only increased from ~1 to 3 wt% as the DEZ cycles increased from 50 to 100.  These 

results suggest that only a limited amount of Zn could be incorporated into CDA flakes using VPI. 

This is likely due to the bulkiness of CDA flakes (~1000 μm in diameter) which prevents more 

extensive modifications. In addition, Parsons et al.40,41 suggested that the formation of subsurface 

metal oxide layers can limit the metalation compounds diffusing into the bulk of polymer 

substrates. Therefore, to understand the effect of metalation on the bulk chemistry of CDA using 

this reduced pressure vapor infiltration process, it will be necessary to process CDA into other less 

bulky forms to promote more extensive infiltration. 
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Figure 6.6. BET surface areas and pore volume distributions by QSDFT in (a) and (c) for CDA 

treated with 50 – 100 cycles of DEZ carbonized at 900 °C, and in (b) and (d) for CDA treated 50 

to 100 cycles of TMA carbonized at 900 °C. 
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Table 6.2. EDS results showing the aluminum (Al) and zinc (Zn) contents before and after 

carbonization at 900 ˚C for the unmodified, TMA treated, and DEZ treated CDA.  

 

We evaluated the electrode performance of the carbon materials prepared from CDA 

treated with 50 cycles of DEZ and TMA, respectively, and the CV results are shown in Figure 6.7. 

The cyclic voltammograms for both metalated samples the show the quasi-rectangular shape which 

is typical of double layer capacitor behavior. The carbonized materials from DEZ and TMA treated 

CDA show a charge storage capacity of ~35 F/g, which is about two times higher than the carbon 

materials from unmodified CDA (Table 6.1). This moderate increase in specific capacitance is a 

result of the higher larger surface area of metalated CDA carbon materials.  
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Figure 6.7. Cyclic voltammograms collected at 1, 10 and 100 mV/s for CDA treated with (a) 50 

cycles of DEZ carbonized at 900 °C, and (b) 50 cycles of TMA carbonized at 900 °C. 

6.4.4. CO2 Activation and Nitric Acid Treatment for DEZ- or TMA-treated CDA Carbonized 

at 900 °C  

To further examine the relationship between surface area, oxygen content and electrode 

performance, CO2 activation and nitric acid treatment were applied to the carbon materials from 

metalated CDA. Specifically, the following samples were evaluated: 4 (CDA treated with 50 

cycles DEZ and carbonized at 900 °C), 5 (4 treated with CO2 activation), 6 (4 treated with CO2 

activation and nitric acid treatment), 7 (CDA treated with 50 cycles TMA and carbonized at 900 

°C), 8 (7 treated with CO2 activation), and 9 (7 treated with CO2 activation and nitric acid 

treatment), as listed in Table 6.1.  

BET surface areas and pore volume distributions for samples 4 to 9 are shown in Figure 

6.8. Consistent with the results for the unmodified samples (1 to 3), the two sets of metalated 

samples, DEZ-treated (4 to 6) and TMA-treated (7 to 9) show that CO2 activation led to a marked 

increase in surface area due to the increase in micropores, while nitric acid treatment gave rise a 
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decrease in surface area due to reductions in total pore volumes. Samples 5 and 8 show an increase 

in surface areas due to CO2 activation, from ~630 to 1420 m2/g for the DEZ-treated and from ~590 

to 1012 m2/g for the TMA-treated, respectively. After nitric acid treatment, samples 6 and 9 show 

that surface areas were greatly reduced, ~800 and 610 m2/g were measured for DEZ-treated and 

TMA-treated, respectively.  

CV results for the metalated samples with CO2 activation (5 and 8) are shown in Figure 

6.9a, b and Table 6.1.  Among the CO2 treated samples (2, 5 and 8), we found that sample 8 for 

the 50 cycles TMA-treated CDA shows the highest improvement in specific capacitance as a result 

CO2 activation, ~67 F/g was measured at 1 mV/s as compared to ~55 F/g for the unmodified and 

the 50 cycles DEZ-treated. Even though that sample 8 has a smaller surface area than 2 and 5 

(~1000 vs. 1100 and 1400 m2/g), sample 8 has a larger amount of mesopore volume (~0.1 vs. 0 

and 0.04 cm3/g). This result reveals that presence of mesopores is important for capacitive 

performance of electrode and TMA metalation was effective for mesopore formation in CDA 

based carbon materials. In addition, EDS results in Table 6.1 show that 5 and 8 have very low 

oxygen contents, hence pseudocapacitance is not involved in these CO2 activated samples. The 

rectangular shape of the cyclic voltammograms confirms the double layer capacitive behavior, as 

shown in Figure 6.9a, b. Based on the results for CO2 activation of metalated samples, we find that 

the combination of TMA metalation of CDA and CO2 activation is effective for mesopore 

formation and surface area improvement, which give rises to carbon materials with promising 

capacitive electrode performance.  
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 Figure 6.8. BET surface areas and pore volume distributions in (a) and (b) for 4, 5 and 6, and in 

(b) and (d) for 7, 8 and 9.    
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Figure 6.9. Cyclic voltammograms collected at 1, 10 and 100 mV/s for (a) 5, (b) 8, (c) 6, and (d) 

9.   
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We further investigated the effect of oxygen content on charge storage capacity for the 

metalated samples followed the nitric acid treatment. CV results for samples 6 and 9 are shown in 

Figure 6.9c, d. We find that the unmodified (3) and metalated samples (6 and 9) show similar 

changes in surface area, oxygen content, and electrode performance due to the nitric acid treatment. 

Although that the nitric acid treated samples (3, 6 and 9) show smaller surface areas than the CO2 

activated samples (2, 5 and 8), they exhibit higher capacitance values of ~120 to 126 F/g (Table 

6.1). This significant increase in specific capacitance is likely related to the formation of surface 

oxygen functionalities. FTIR spectra for 6 and 9 in Figure 6.10 reveal the presence of hydroxyl 

and carbonyl functional groups due to the acid treatment, consistent with that of sample 3 as shown 

in Figure 6.4. In addition, EDS measurements show that oxygen contents for the metalated samples 

increased from ~0 to 17 wt% due to the nitric acid treatment (Table 6.1). The increase in oxygen 

content again suggests improved electrode wettability. The cyclic voltammograms in Figure 6.9c,d 

for 6 and 9 show the distorted rectangular waveform which again suggests presence of 

pseudocapacitance. Hence, although that the acid treatment decreases the surface area, it still leads 

to the largest improvement in the charge storage capacities likely through enhanced surface 

wettability and pseudocapacitance. This result again suggests importance of surface oxygen 

content which largely affects electrode wettability, charge storage mechanism, charge storage 

capacity in aqueous electrolyte.   
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Figure 6.10. FTIR spectra in (a) for 4, 5, and 6, and in (b) for samples 7, 8 and 9.  
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6.5. Conclusion 

In this study, we demonstrated that CDA based carbons are viable materials for 

electrochemical capacitors and the following three factors are shown to significantly affect the 

charge storage capacity of CDA based carbon materials in aqueous electrolytes: (1) the amount of 

available surface area, (2) the accessibility of micropores and presence of mesopores, and (3) the 

surface oxygen content. Among the different treatments investigated, CO2 activation is most 

effective for creating micropores and thereby giving rise to a significant increase in surface area. 

Yet due to the restricted access of micropores to the solvated electrolyte molecules, only a small 

improvement in charge storage capacity was achieved CO2 activation was applied alone. The 

presence of mesopores is important for the transport of electrolyte molecules into micropores. We 

found that DEZ metalation was useful for micropore formation, and TMA metalation was effective 

for creating mesopores. Lastly, we found that surface oxygen content had a significant effect on 

the charge storage capacity in aqueous electrolyte. Upon the nitric acid treatment, a significant 

increase in surface oxygen content is generally measured for both unmodified and metalated 

samples. As a result of high oxygen contents, all nitric acid treated samples show the largest 

improvement in specific capacitance which is likely due to 1) the enhanced electrode wettability, 

and 2) contribution of pseudocapacitance.  

6.6. Acknowledgments 

The work was funded by a grant through the Eastman Innovation Center. The authors 

acknowledge the use of the Analytical Instrumentation Facility (AIF) at North Carolina State 

University, which is supported by the State of North Carolina and the National Science 

Foundation.  

 



   

146 

 

6.7. References 

(1)  Béguin, F.; Presser, V.; Balducci, A.; Frackowiak, E. Carbons and Electrolytes for 

Advanced Supercapacitors. Adv. Mater. 2014, 26 (14), 2219–2251. 

(2)  Pandolfo, A. G.; Hollenkamp, A. F. Carbon Properties and Their Role in Supercapacitors. 

J. Power Sources 2006, 157 (1), 11–27. 

(3)  Simon, P.; Gogotsi, Y. Materials for Electrochemical Capacitors. Nat. Mater. 2008, 7 (11), 

845–854. 

(4)  Inagaki, M.; Konno, H.; Tanaike, O. Carbon Materials for Electrochemical Capacitors. J. 

Power Sources 2010, 195 (24), 7880–7903. 

(5)  E. Frackowiak, F. B. Carbon Materials for the Electrochemical Storage of Energy in 

Capacitors. Carbon N. Y. 2001, 39, 937–950. 

(6)  Molina-Sabio, M.; Rodríguez-Reinoso, F. Role of Chemical Activation in the 

Development of Carbon Porosity. Colloids Surfaces A Physicochem. Eng. Asp. 2004, 241 

(1–3), 15–25. 

(7)  Wang, J.; Kaskel, S. KOH Activation of Carbon-Based Materials for Energy Storage. J. 

Mater. Chem. 2012, 22 (45), 23710. 

(8)  Hayashi, J.; Kazehaya, A.; Muroyama, K.; Watkinson, A. P. Preparation of Activated 

Carbon from Lignin by Chemical Activation. Carbon N. Y. 2000, 38 (13), 1873–1878. 

(9)  Williams, H. M.; Dawson, E. A.; Barnes, P. A.; Parkes, G. M. B.; Pears, L. A.; 

Hindmarsh, C. J. A New Low Temperature Approach to Developing Mesoporosity in 

Metal-Doped Carbons for Adsorption and Catalysis. J. Porous Mater. 2009, 16 (5), 557–

564. 

(10)  Qu, D. Studies of Activated Cabons Used in Double-Layer Supercapacitors. J Power 



   

147 

 

Sources 2002, 109 (2), 403–411. 

(11)  Seredych, M.; Hulicova-Jurcakova, D.; Lu, G. Q.; Bandosz, T. J. Surface Functional 

Groups of Carbons and the Effects of Their Chemical Character, Density and Accessibility 

to Ions on Electrochemical Performance. Carbon N. Y. 2008, 46 (11), 1475–1488. 

(12)  Calvo, E. G.; Rey-Raap, N.; Arenillas, A.; Menéndez, J. A. The Effect of the Carbon 

Surface Chemistry and Electrolyte PH on the Energy Storage of Supercapacitors. RSC 

Adv. 2014, 4 (61), 32398. 

(13)  Daubert, J. S.; Lewis, N. P.; Gotsch, H. N.; Mundy, J. Z.; Monroe, D. N.; Dickey, E. C.; 

Losego, M. D.; Parsons, G. N. Effect of Meso- and Micro-Porosity in Carbon Electrodes 

on Atomic Layer Deposition of Pseudocapacitive V2O5 for High Performance 

Supercapacitors. Chem. Mater. 2015, 27 (19), 6524–6534. 

(14)  Han, Y.; Zhao, P. P.; Dong, X. T.; Zhang, C.; Liu, S. X. Improvement in Electrochemical 

Capacitance of Activated Carbon from Scrap Tires by Nitric Acid Treatment. Front. 

Mater. Sci. 2014, 8 (4), 391–398. 

(15)  Lee, E. J.; Lee, Y. J.; Kim, J. K.; Lee, M.; Yi, J.; Yoon, J. R.; Song, J. C.; Song, I. K. 

Oxygen Group-Containing Activated Carbon Aerogel as an Electrode Material for 

Supercapacitor. Mater. Res. Bull. 2015, 70, 209–214. 

(16)  Nian, Y.-R.; Teng, H. Nitric Acid Modification of Activated Carbon Electrodes for 

Improvement of Electrochemical Capacitance. J. Electrochem. Soc. 2002, 149 (8), A1008. 

(17)  Xiao, N. .; Tan, H. . b; Zhu, J. .; Tan, L. .; Rui, X. .; Dong, X. .; Yan, Q. . b d. High-

Performance Supercapacitor Electrodes Based on Graphene Achieved by Thermal 

Treatment with the Aid of Nitric Acid. ACS Appl. Mater. Interfaces 2013, 5 (19), 9656–

9662. 



   

148 

 

(18)  Fischer, S.; Thümmler, K.; Volkert, B.; Hettrich, K.; Schmidt, I.; Fischer, K. Properties 

and Applications of Cellulose Acetate. Macromol. Symp. 2008, 262 (1), 89–96. 

(19)  Cai, J.; Niu, H.; Li, Z.; Du, Y.; Cizek, P.; Xie, Z.; Xiong, H.; Lin, T. High-Performance 

Supercapacitor Electrode Materials from Cellulose-Derived Carbon Nanofibers. ACS 

Appl. Mater. Interfaces 2015, 7 (27), 14946–14953. 

(20)  Deng, L.; Young, R. J.; Kinloch, I. A.; Zhu, Y.; Eichhorn, S. J. Carbon Nanofibres 

Produced from Electrospun Cellulose Nanofibres. Carbon N. Y. 2013, 58 (0), 66–75. 

(21)  Deng, L.; Young, R. J.; Kinloch, I. A.; Abdelkader, A. M.; Holmes, S. M.; De Haro-Del 

Rio, D. A.; Eichhorn, S. J. Supercapacitance from Cellulose and Carbon Nanotube 

Nanocomposite Fibers. ACS Appl. Mater. Interfaces 2013, 5 (20), 9983–9990. 

(22)  Kuzmenko, V.; Naboka, O.; Gatenholm, P.; Enoksson, P. Ammonium Chloride Promoted 

Synthesis of Carbon Nanofibers from Electrospun Cellulose Acetate. Carbon N. Y. 2014, 

67, 694–703. 

(23)  Ago, M.; Borghei, M.; Haataja, J. S.; Rojas, O. J. Mesoporous Carbon Soft-Templated 

from Lignin Nanofiber Networks: Microphase Separation Boosts Supercapacitance in 

Conductive Electrodes. RSC Adv. 2016, 6 (89), 85802–85810. 

(24)  Lee, M.; Kim, G.-P.; Don Song, H.; Park, S.; Yi, J. Preparation of Energy Storage 

Material Derived from a Used Cigarette Filter for a Supercapacitor Electrode. 

Nanotechnology 2014, 25 (34), 345601. 

(25)  Polarz, S.; Smarsly, B.; Schattka, J. H. Hierachical Porous Carbon Structures from 

Cellulose Acetate Fibers. Chem. Mater. 2002, 14 (7), 2940–2945. 

(26)  Parsons, G. N.; Atanasov, S. E.; Dandley, E. C.; Devine, C. K.; Gong, B.; Jur, J. S.; Lee, 

K.; Oldham, C. J.; Peng, Q.; Spagnola, J. C.; Williams, P. S. Mechanisms and Reactions 



   

149 

 

during Atomic Layer Deposition on Polymers. Coord. Chem. Rev. 2013, 257 (23–24), 

3323–3331. 

(27)  Gong, B.; Peng, Q.; Jur, J. S.; Devine, C. K.; Lee, K.; Parsons, G. N. Sequential Vapor 

Infiltration of Metal Oxides into Sacrificial Polyester Fibers: Shape Replication and 

Controlled Porosity of Microporous/Mesoporous Oxide Monoliths. Chem. Mater. 2011, 

23 (15), 3476–3485. 

(28)  Leng, C. Z.; Losego, M. D. Vapor Phase Infiltration (VPI) for Transforming Polymers into 

Organic–inorganic Hybrid Materials: A Critical Review of Current Progress and Future 

Challenges. Mater. Horiz. 2017, 4, 747–771. 

(29)  Gregorczyk, K. E.; Pickup, D. F.; Sanz, M. G.; Irakulis, I. A.; Rogero, C.; Knez, M. 

Tuning The Tensile Strength Of Cellulose Through Vapor Phase Metallization. Chem. 

Mater. 2014, 27, 181–188. 

(30)  Eldridge, J. J.; Crockett, R. M.; Maund, J. R.; Leonard, D.; Mcnaught, R. H.; Li, W.; 

Filippenko,  a V; Lupton, R. H.; Frogel, J. a; Humphreys, R. M.; Clayton, G. C.; Mathis, J. 

S.; Richmond, M.; Hsu, J. J. L.; Joss, P. C.; Ross, R. R.; Eastman, R. G.; Weaver, T. a; 

Pinto, P. a; Smartt, S. J.; Kudritzki, R. P.; Podsiadlowski, P.; Gilmore, G. F.; Tout, C. a; 

Bolte, M.; Koester, D. Greatly Increased Toughness of Infiltrated Spider Silk. Science (80-

. ). 2012, 324 (APRIL 2009), 488–492. 

(31)  Lee, S. M.; Pippel, E.; Moutanabbir, O.; Gunkel, I.; Thurn-Albrecht, T.; Knez, M. 

Improved Mechanical Stability of Dried Collagen Membrane after Metal Infiltration. ACS 

Appl. Mater. Interfaces 2010, 2 (8), 2436–2441. 

(32)  Xie, W.; Khan, S. a.; Rojas, O. J.; Parsons, G. N. Control of Micro- and Mesopores in 

Carbon Nanofibers and Hollow Carbon Nanofibers Derived from Cellulose Diacetate via 



   

150 

 

Vapor Phase Infiltration of Diethyl Zinc. ACS Sustain. Chem. Eng. 2018, 6 (11), 13844–

13853. 

(33)  Garcia-Gomez, A.; Barranco, V.; Moreno-Fernandez, G.; Ibañez, J.; Centeno, T. A.; Rojo, 

J. M. Correlation between Capacitance and Porosity in Microporous Carbon Monoliths. J. 

Phys. Chem. C 2014, 118 (10), 5134–5141. 

(34)  Lai, C.-C.; Lo, C.-T. Nitric Acid Oxidation of Electrospun Carbon Nanofibers as 

Supercapacitor Electrodes. Text. Res. J. 2015, 5 (49), 38868–38872. 

(35)  Van Aken, K. L.; Maleski, K.; Mathis, T. S.; Breslin, J. P.; Gogotsi, Y. Processing of 

Onion-like Carbon for Electrochemical Capacitors. ECS J. Solid State Sci. Technol. 2017, 

6 (6), M3103–M3108. 

(36)  Lam, D. Van; Jo, K.; Kim, C. H.; Kim, J. H.; Lee, H. J.; Lee, S. M. Activated Carbon 

Textile via Chemistry of Metal Extraction for Supercapacitors. ACS Nano 2016, 10 (12), 

11351–11359. 

(37)  Zhong, H. X.; Wang, J.; Zhang, Y. W.; Xu, W. L.; Xing, W.; Xu, D.; Zhang, Y. F.; Zhang, 

X. B. ZIF-8 Derived Graphene-Based Nitrogen-Doped Porous Carbon Sheets as Highly 

Efficient and Durable Oxygen Reduction Electrocatalysts. Angew. Chemie - Int. Ed. 2014, 

53 (51), 14235–14239. 

(38)  Lushington, A.; Liu, J.; Bannis, M. N.; Xiao, B.; Lawes, S.; Li, R.; Sun, X. A Novel 

Approach in Controlling the Conductivity of Thin Films Using Molecular Layer 

Deposition. Appl. Surf. Sci. 2015, 357, 1319–1324. 

(39)  Ahmad, I.; Unwin, M.; Cao, H.; Chen, H.; Zhao, H.; Kennedy, A.; Zhu, Y. Q. Multi-

Walled Carbon Nanotubes Reinforced Al2O3nanocomposites: Mechanical Properties and 

Interfacial Investigations. Compos. Sci. Technol. 2010, 70 (8), 1199–1206. 



   

151 

 

(40)  Jur, J. S.; Spagnola, J. C.; Lee, K.; Gong, B.; Peng, Q.; Parsons, G. N. Temperature-

Dependent Subsurface Growth during Atomic Layer Deposition on Polypropylene and 

Cellulose Fibers. Langmuir 2010, 26 (11), 8239–8244. 

(41)  Spagnola, J. C.; Gong, B.; Arvidson, S. a.; Jur, J. S.; Khan, S. a.; Parsons, G. N. Surface 

and Sub-Surface Reactions during Low Temperature Aluminium Oxide Atomic Layer 

Deposition on Fiber-Forming Polymers. J. Mater. Chem. 2010, 20 (20), 4213. 

 

 

 

 

  



   

152 

 

APPENDICES 



   

153 

 

Appendix A. Co-Authored Publications 

Appendix A.1. Thermally Stable and Tough Coatings and Films Using 

Vinyl Silylated Lignin 

We modified lignin, a renewable biomacromolecule with high carbon density, with silicon-

containing vinyl groups via a highly efficient silylation reaction that achieved ~ 30% substitution 

of lignin’s hydroxyl units. This exothermic process was carried in the melt state, in situ, in a 

reactive extruder. 1H, 13C, 31P NMR and FTIR confirmed the success of the silylation and were 

used to access the reactivity of the vinyl silylated lignin for copolymerization with 

polyacrylonitrile (PAN). Copolymers of the unmodified lignin and PAN were also produced as a 

reference. Importantly, the rheological behavior of the copolymers of lignin and PAN were suitable 

for application in surface coating and films that were not possible if lignin or physical mixtures of 

lignin and PAN were used. Glass surfaces were treated via solution casting followed by oven 

drying, yielding films that were evaluated as far as their morphology (SEM) and thermal properties 

(TGA and DSC). The films produced with copolymers based on vinyl silylated lignin displayed a 

Young modulus of 486 MPa, an ultimate stress of 18 MPa and strain of 55 % (DMA). These results 

indicate a much tougher system than that achieved after copolymerization of the unmodified lignin 

with PAN (ultimate stress and strain of less than 10 MPa and 10 %, respectively). Overall, the 

introduced SiC and SiOC bonds improved lignin macromolecular mobility and facilitated its 

processability due to the remarkably low viscosity of the system. Our results show promise 

opportunities for lignin utilization as a precursor of copolymers, as illustrated here with PAN, for 

the synthesis of flexible films and other advanced materials. 
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