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Low-temperature plasma can generate different types of chemically reactive species at 

gas temperatures far below what is required to form such species from thermal excitation. 

Interactions between these reactive plasma-generated species and material surfaces have great 

potential for various applications, such as semiconductor etching or gas conversion. Synergistic 

effects, where the production rate with two inputs is greater than the sum of the consequences of 

each individually, have been demonstrated by combining the plasma with other energy inputs 

such as heat or kinetic energy from ions or electrons. Understanding the mechanisms by which 

these species interact with relevant surfaces is vital for the future development of plasma 

processing, chemistry and physics. In this work, we focus on the interaction of long-lived plasma 

species, particularly neutrals, with metal. A remote plasma-surface configuration was applied, 

where the plasma itself does not directly contact the surface. Two examples of plasma-metal 



  

interactions will be discussed, one taking place at atmospheric and the other at low pressure. The 

first case is plasma-assisted catalytic oxidation of methane (CH4) using a nickel (Ni) catalyst at 

atmospheric pressure, implemented by combining a remote plasma jet. The interrelation of real-

time measurements of reaction products and surface adsorbates and plasma diagnostics allowed 

the identification of atomic oxygen as the key plasma-generated species that drives the 

synergistic plasma-catalytic reaction. The in-situ characterizations of the surface and gas phase 

reactions reveal the possible key reaction pathways for the plasma-catalysis reactions. We also 

observed the activation of the catalyst resulting from long-lasting catalyst surface modification 

induced by plasma species interaction. The second case is the damage-free etching of refractory 

metals, ruthenium (Ru) and tantalum (Ta), at low pressure. This was implemented by combining 

a remote plasma source (RPS) with an electron beam (EB) source. We investigated the effects of 

CF4 and Cl2 additions to Ar/O2 RPS effluents and we find that Ar/O2 with Cl2 addition induces 

the highest Ru etch rate (ER) and best removal selectivity over Ta. The surface chemistry 

characterization by spatially-resolved XPS reveals the possible mechanism of the electrons and 

neutrals induced materials etching. We also proposed a model that considers the fundamental 

aspects of the etching reaction and successfully predicts the major features of the electron and 

neutral induced etching reactions. 
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Chapter 1: Introduction 

Low temperature plasma, also called non-equilibrium or cold plasma, can generate 

various reactive species, such as ions, electrons, reactive neutrals, photons, etc., which when 

incident on material surfaces have great potential for various applications. The reactive species 

generated by the plasma can induce different interactions with the materials exposed to the 

plasma irradiation. The temperature difference between the light electrons (104–105 K) and the 

heavy species, e.g., ions and neutrals (300-1000 K), is responsible for the non-equilibrium 

properties of low temperature plasma [1]. This non-equilibrium feature allows a variety of 

reactions to occur at room temperature in terms of generating reactive species, while the 

background gas stays cold [2]. Plasma-surface interactions deliver the energy from the plasma 

source to the surface and are beneficial for numerous processes, such as materials etching, 

deposition, and catalysis. Plasma-surface coupling is a complex process which can greatly vary 

with slight changes of the plasma source or the surface. A more thorough understanding of 

plasma-surface interactions may promote the development of plasma physics and expand the 

applications of plasma. Metal, one of the most widely used classes of materials, has 

demonstrated great potential for different applications with its interaction with plasma. 

Currently, plasma interactions with metal surfaces are of particular importance to the 

semiconductor industry, where the patterning of metal materials is applied for different purposes. 

Additionally, research interest is growing in plasma-enhanced catalysis, for which plasma 

interaction with transition-metal surfaces is of key importance. Both plasma-enhanced catalysis 

and plasma-induced modification of metal materials have been widely studied and have 

demonstrated potential for applications. Nevertheless, the understanding of plasma-surface 

interactions in both areas has remained rudimentary at best [3, 4]. 
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1.1 Background and Problem Statement  

1.1.1 Plasma-assisted Catalysis 

Plasma is believed to be a promising tool that can improve the efficiency of thermally-

driven catalysis, reflected by an enhancement of reaction rate [5] or a reduction of the activation 

energy [6]. The coupling of non-equilibrium atmospheric-pressure plasma and catalyst could 

potentially generate a synergistic effect that is superior to the sum of separate plasma only and 

thermal catalytic reactions. Plasma can activate the gases to produce certain reactive states, e.g., 

atomic species and radicals, vibrational excited states, reactive ions, etc. [7-10], which may 

subsequently react within the plasma regime or migrate to the catalyst surface. The energy 

requirement for the surface reactions involving the plasma-generated reactive species is much 

reduced and the catalytic reaction is expected to be enhanced [11, 12]. 

Compared to the tremendous effort invested in the possible commercialization of plasma 

catalysis, including testing conversion rates with various plasma configurations and catalyst 

materials, fundamental research on the mechanism of plasma catalysis has drawn less attention. 

The understanding of the plasma catalyst surface interactions is necessary for the development 

and possible applications of this concept. However, one of the difficulties is the implementation 

of in-situ and operando surface characterization. The coupling of two complex systems, i.e., 

plasma and catalysis, adds additional difficulty to the understanding of the surface reactions. A 

commonly used reactor in atmospheric-pressure plasma catalysis is a packed-bed dielectric 

barrier discharge plasma source [13], with the catalyst material placed within the plasma 

discharge zone. In such a system, in-situ surface measurements are difficult due to the limited 

available space. Additionally, the appearance of important surface species may be subtle and 

transient, making it hard to measure such information [2, 14]. Moreover, the high pressure 
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precludes many characterization techniques that can only be used in a vacuum environment, such 

as X-ray photoelectron spectroscopy [15] and mass spectroscopy [7, 16]. Another difficulty is 

identifying the individual role of plasma-species in the catalytic reactions at atmospheric-

pressure. For example, plasma fed with O2 as the precursor gas can generate different reactive 

oxygen species [17], such as atomic O, singlet O2 and ozone. Due to the short mean free path, the 

conventional approach applied in a vacuum environment of applying separately controlled beams 

of ions/neutrals/electrons is not practical at atmospheric-pressure. Identification of the key 

species that enables the plasma-catalyst synergistic effect requires the characterization of the 

catalytic reactions and plasma diagnostics.  

1.1.2 Materials Etching Induced by Plasma and Electron Beam 

In the 1970s, a revolutionary application of plasma was the enhancement of patterning of 

integrated circuits. Since then, plasma etching has replaced wet etching as the preferred approach 

to realize pattern transfer [18]. Materials patterning by plasma dry etching has many advantages 

over wet etching and allows for realization of high-aspect-ratio (HAR) [19, 20], anisotropic or 

directional [21-23], selective [24, 25] and atomic-layer etching [26, 27]. Since plasma etching 

does not usually require chemical liquids or etchants, plasma etching is also “cleaner” compared 

to wet etching. 

There are two approaches of plasma etching: the physical sputtering of the substrate 

through energetic ion bombardment and reactive-ion etching (RIE), where the surface is 

activated by chemical interaction with gas molecules [28, 29], neutrals [30-32], ions [33], 

electrons [28, 34], etc.. Coburn and Winters pioneered the development of RIE by demonstrating 

that an ion beam induces a larger etch rate on a Si substrate activated by XeF2 precursor gas than 

the sum of the etch rates induced by physical sputtering of the Si atoms by ion beam only or just 
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spontaneous Si etching induced by the reactive XeF2 precursor [28]. A synergistic effect in 

materials etching is observed with the combination of ion beam and surface activation by 

precursor gas [28]. RIE has become the method of choice in materials patterning in the 

semiconductor industry and has allowed the continuous scaling down of semiconductor feature 

sizes according to Moore’s Law.  

However, ion bombardment is applied for both etching mechanisms, which causes 

problems at smaller feature sizes. With the external bias voltage applied, ions are accelerated and 

subsequently strike the substrate, which enables the energy transfer from the ions to the substrate 

and initiates materials etching. The energy and momentum transfer introduced by ion 

bombardment will inevitably generate surface damage [35], such as atomic displacement [36], 

ion implantation [37], surface roughness [38-40], etc. Even without external bias applied, due to 

the lower mobility of ions than electrons, a self-bias voltage generates in the plasma a 

pronounced sheath at the boundary between plasma and substrate materials. For instance, an 

inductively coupled plasma (ICP) source powered by a 13.56 MHz RF with 300 W power 

generates a self-bias voltage of ~-25 V with 40 sccm Ar injected at an operating pressure of 10 

mTorr [41]. As semiconductor device dimensions continue to scale down, surface damage 

generated by ion bombardment can be detrimental to the overall performance of devices [42]. An 

alternative way to induce materials etching with controllable surface damage is of great 

importance for the continued development of the semiconductor industry.  

Electron beam (EB)-induced etching is a possible alternative to ion-based plasma etching 

in terms of surface damage control, since electrons carry less momentum than ions [10]. Coburn 

and Winters demonstrated that EB can deliver energy to the surface to induce etching of Si [28]. 

However, the precursor activation of the surface in EB etching is dependent on the self-
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adsorption properties of the precursor gas onto the substrate surface, thus the possible precursor 

gases and substrate materials are limited compared to plasma-induced etching, where the 

precursors can be activated in the plasma. 

1.1.3 Damage-free Selective Etching of Ru over Ta 

Ru is considered as an excellent candidate metal for the next-generation back-end-of-line 

interconnect at the tightest pitch features. In contrast to currently used Cu, Ru can also be 

directly patterned through plasma etching [43]. Tantalum (Ta) has also drawn attention in recent 

years due to its superior physical and chemical properties and has been applied in the 

microelectronics [44, 45], superconductor [46], semiconductor [44, 47], and other industries. Ta-

based materials, such as TaBO and TaBN, are used in extreme ultraviolet (EUV) photomasks as 

the anti-reflective coating (ARC) and EUV absorber. EUV lithography, which enables precise 

patterning of intricate features on Si wafers at higher resolution [48, 49], is vital for the scaling 

down of semiconductor device features. Thanks to its resistance to corrosive environments and 

its high transmissivity of EUV light at 13.5 nm, Ru has been used as the capping layer to protect 

the underlying reflective Si/Mo stacking layers on an EUV photomask. During EUV lithography, 

EUV light can induce degradation of the Ru capping layer and the stray particles from the 

lithography processing can form defects on the Ru layer, thus, cleaning of the damaged Ru layer 

is important to restore the performance of the EUV photomask. Components on the EUV 

photomask are quite sensitive to thickness changes and defects, thus repair of the Ru capping 

layer requires extremely precise and damage-free etching of the Ru, with great spatial 

controllability and high selectivity to other components, e.g., the Ta based EUV absorber [50, 

51]. All of these applications indicate that the precise, directional, and selective etching of Ru is 

important. 
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Ru can be etched by exposing it to O2 plasma irradiation [52-54]. The reactive oxygen 

species can oxidize Ru to volatile RuO4 which can be subsequently removed [55]. It has been 

found that the addition of small amounts of fluorocarbon (FC) [56], hydrofluorocarbon (HFC) 

[57], nitrogen [54], hydrocarbon [58], or halogen gases like Cl2 [54, 55] to the oxygen flow can 

extensively improve the Ru etch rate (ER). A small amount of FC gas like CF4 added into plasma 

with O2 as the feed gas can improve the dissociation of O2 and produce more reactive oxygen 

species, e.g., atomic O [59]. These species subsequently promote the oxidation of Ru to form 

volatile RuO4 and enhance the Ru ER [54]. For Cl2 addition, the generation of Cl based reactive 

species, such as Cl and ClO neutrals and ions, may also activate the Ru surface and improve the 

ER [52, 55, 60]. 

1.2  Research Objectives and Approaches 

In order to unravel the mysteries of plasma-surface interactions and expand the 

applications of plasma, the understanding of the plasma-surface processes is essential and 

requires the interrelation of different characterization techniques. This work will focus on two 

major topics, the atmospheric pressure plasma-assisted decomposition of CH4 and the low-

pressure plasma-assisted electron beam-induced etching of Ru and Ta. A remote plasma-

substrate configuration was applied for both studies, which allows for the use of more 

characterization techniques to reveal the surface information. The study of the electron beam-

induced metal etching can also shed light on the plasma-catalysis work, where electrons can 

induce reactions with the catalyst materials, in which case, however, is very hard to analyze due 

to the presence of other species and the ambient pressure.   
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1.2.1 Atmospheric-pressure Plasma-assisted Decomposition of CH4  

In the first part of the dissertation (chapter 2), we attempt to analyze and correlate the 

results of gas phase conversion, surface reaction and plasma diagnostics. The co-analysis of 

different aspects of the plasma-catalyst interaction helps reveal the mechanism and reaction 

pathways. We study the partial oxidation of CH4 to CO and CO2 using a commercial 

Ni/(Al2O3
.SiO2) catalyst as a model reaction to understand the interaction between plasma-

generated species and the catalyst surface [11, 12, 61, 62]. In order to implement the operando 

surface measurements, a downstream plasma-catalyst configuration with an atmospheric pressure 

plasma jet (APPJ) as the plasma source is utilized [63, 64]. The APPJ plume does not directly 

touch the catalyst surface, enabling the in-situ surface characterization, without the interference 

of the plasma. 

For the gas phase characterization, an optical approach using Fourier-transform infrared 

spectroscopy (FTIR) was applied to measure the densities of the consumed CH4 and the 

produced CO and CO2. For the surface reaction, diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) was implemented to characterize the key surface species, e.g., surface 

CO and CHn. The interrelation of the gas phase and the surface characterizations can shed light 

on the reaction pathways and reveal the key mechanisms of the complex system. Our 

collaborators from the University of Minnesota used molecular beam mass spectroscopy 

(MBMS) to measure the reactive oxygen species using an identical APPJ operating at the same 

conditions. The plasma generated oxygen species and the downstream gas and surface 

measurements were co-analyzed to identify the key plasma-generated species and the essential 

reactions that lead to the synergistic effect of plasma-catalysis. 
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Another objective of this work is to investigate the activation of the Ni catalyst by the 

APPJ, which is discussed in chapter 3. The “catalyst activation” is defined as the enhancement of 

the thermal catalytic reaction after the treatment by the plasma, as compared to thermal catalysis 

without plasma treatment. Different gas injection methods were also investigated, i.e., injecting 

CH4 gas downstream of the plasma effluent vs. directly through the plasma. We analyzed 

different aspects of the plasma-catalyst system to understand the mechanism of plasma-induced 

catalyst activation. 

1.2.2 Remote Plasma-assisted and Electron Beam-induced Etching of Ru and 

Ta 

Lin et al. developed a novel approach of combining the electron beam from an electron 

flood gun with the reactive neutral flux generated from an electron cyclotron wavelength 

resonance (ECWR) remote plasma source (RPS) to induce materials etching [65, 66]. The 

remote plasma activates the precursor, but the ions generated are eliminated by a filter. Surface 

damage induced by ion bombardment will be eliminated. For this work, we will extend this 

novel etching approach of combining the reactive neutrals from the RPS and electron beam to 

other metal materials, i.e., Ru and Ta. Ar/O2 with additions of CF4 was investigated first in 

chapter 4. Different materials characterization techniques, such as ellipsometry and X-ray 

photoelectron spectroscopy (XPS), were applied to probe the modifications of the surface 

exposed to the electron and neutral species.  

The second part of this work is to explore the possibility of using Ar/O2/Cl2 as the RPS 

chemistry to further improve the Ru ER and optimize its selectivity over Ta. We investigated the 

dependence of the ER on the electron and neutral fluxes. We also attempt to build an electron 
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and neutral induced etching model that considers the fundamental aspects of the etching reaction. 

This work is summarized in chapter 5. 

1.3 Experimental Setup and Materials 

1.3.1 Plasma Processing Apparatus  

1.3.1.1 Atmospheric-pressure Plasma Jet and Reactor Chamber 

The plasma source used in the plasma-catalysis work is a RF-driven APPJ running at 

14.3 MHz frequency modulated by 20 kHz on/off duty cycle (20% on time and 80% off time). A 

high voltage tungsten pin is placed in the center of a dielectric quartz tube, where a grounded 

copper ring electrode is attached around the tube. The properties of this APPJ have been 

extensively reported [7, 67]. The APPJ is fed with 200 sccm Ar and 1, 2 or 3 sccm O2, 

corresponding to 0.5%, 1% and 1.5% O2, while 400 sccm Ar is flown to the reactor chamber and 

downstream of the plasma to dissipate heat. 2 sccm CH4 is either flown directly through the 

ionized plasma or to the downstream effluent of the plasma. The voltage of the APPJ is changed 

in order to investigate the influence of plasma power. Upon ignition, the plasma is generated at 

the tip of the tungsten pin and the plasma-produced species are transported to the catalyst bed 

where the plasma-catalyst interaction takes place.  

The APPJ is integrated in a high temperature reaction chamber (HVC-DRM-5) by a lab-

made Macro feedthrough, which is fixed on one of the three viewports. A schematic of the 

plasma system is shown in figure 1.1. The quartz tube-to-catalyst distance is fixed at 5 mm. The 

methane and gas products produced from the plasma-catalyst interaction enter a lab-made gas 

cell with a 15 cm optical path length sealed with two ZnSe windows, where real-time gas phase 

characterization is performed by an FTIR spectrometer (IRTracer-100, Shimadzu) equipped with 

a liquid nitrogen-cooled HgCdTe (MCT) detector. Operando DRIFTS measurements are 
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performed to characterize the catalyst surface. The infrared beam passes through KBr windows 

installed on two viewports of the reactor dome and is scattered off the catalyst surface. The IR 

beam carrying information of the surface species is then reflected by mirrors in the DRIFTS 

accessory (Praying Mantis, Harrick Scientific) towards the spectrometer detector. 

 

Figure 1.1, the scheme of the reactor for plasma-catalyst interaction and DRIFTS and 

downstream FTIR measurements 

1.3.1.2 Electron Flood Gun, Remote Plasma Source and Vacuum Reactor Chamber 

The experiments for EB and remote plasma (RP) induced etching of Ru and Ta in chapter 

4 and 5 were performed in a vacuum chamber equipped with an electron flood gun on the top 

and an electron cyclotron wave resonance (ECWR) RPS that is installed at the side port of the 

reactor, as shown in figure 1.2. The emission current (EC) of the flood gun varied between 0.01 

mA and 0.5 mA during the experiments, corresponding to different electron fluxes. The electron 

energy was 1 keV. The beam current incident to the sample was measured by a Faraday cup to 

be ~60% of the emission current. The landing spot of the electrons is focused on the sample 
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which is 38.3 mm below the electron gun. For an electron energy of 1 keV, the focused EB spot 

has a diameter of ~5.5 mm. The electron flux to the sample is directly related to the beam 

current. The ECWR remote plasma source is activated at an RF of 13.56 MHz and its power can 

go up to 600 W. A quartz plate at the outlet of the ECWR is used to block the plasma-generated 

ions, so only reactive neutrals can diffuse to the sample. Since the electron flood gun needs to be 

operated at a much higher vacuum than the rest of the system, a differential pumping unit with a 

pressure-limited aperture was installed to pump down the flood gun during operation. The 

sample is placed on a spacer on top of an electrostatic chuck system. Cooling water is 

consistently circulating and maintaining the substrate temperature at 10 °C. The vacuum 

chamber maintains a base pressure of 1*10-7 Torr and goes up to 1.8 mTorr during the 

experiment. 10 sccm Ar with 5 sccm O2/CF4 or O2/Cl2 was used as the RPS feed gas to generate 

reactive neutrals. 

 

Figure 1.2. The schematic of the experimental apparatus consisting of an electron and RP source 
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1.3.2 Characterization Techniques 

1.3.2.1 Fourier-transform Infrared Spectroscopy 

Infrared spectroscopy is applied for both gas phase and surface characterizations in the 

research of APPJ-assisted CH4 decomposition. Gases from the reaction flow to a lab-made gas 

cell where the gas phase measurements are performed downstream. Gas concentrations can be 

quantified based on Beer’s law which can be related to the IR absorption features. The gas 

number density (number/cm3) based on Beer’s law can be calculated by the following equation:  

𝑛𝑛 =
𝐴𝐴𝐴𝐴𝐴𝐴

0.4343 ∗ 𝜎𝜎 ∗ 𝑙𝑙
(1.1) 

In this equation, 𝑛𝑛 is the density of the gas calculated from a certain absorption peak, 𝐴𝐴𝐴𝐴𝐴𝐴 

is the absorbance measured by FTIR at that peak, 𝜎𝜎 is the attenuation cross section, which is 

calculated from the HITRAN FTIR database [68], and 𝑙𝑙 is the optical path length of the gas cell 

which is 15 cm. 

The surface species, i.e., CO, CHn, oxygenates and carbonates on the catalyst are 

qualitatively measured in-situ by the DRIFTS. The DRIFTS cell is integrated into the FTIR 

sample compartment. The experimental processing is the same as for the downstream gas phase 

measurements so that complementary gas phase and surface data could be interrelated. Although 

only qualitative DRIFTS analysis has been done, the changes in relative absorbance in the 

DRIFTS spectra are still qualitatively related to the coverage of the surface species.  

1.3.2.2 Ellipsometry 

Both in-situ localized real-time and spatially-resolved ellipsometry were performed to 

understand the surface processing. The optical factors Psi and Delta, which are measured by the 

ellipsometer, are related to the thickness and refractive indexes of the probed layers on the 
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sample. A polarizer-rotating compensator-sample-analyzer configuration ellipsometer with a 

laser wavelength of 632.8 nm was used for in-situ characterization. Applying an ellipsometric 

model to the measured data allows for the interpretation of the thickness and optical index 

changes of each layer on the sample. For in-situ ellipsometry, the optical laser of the ellipsometer 

overlays with the EB irradiation, so the portion on the sample exposed to the EB irradiation can 

be monitored by the ellipsometer in real-time. For the spatially-resolved ellipsometry, the 

ellipsometer laser scans across the sample, which provides the spatial information of the sample. 

1.3.2.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS characterization was used to analyze the surface chemistry evolution of the 

processed samples. The measurements were performed using a Kratos Axis 165 and Kratos Axis 

Supra+ X-ray photoelectron spectrometer with monochromatic aluminum K-alpha x-ray source 

(1486.6 eV). The instruments were operated in a constant-energy analyzer mode with a 160 eV 

and 20 eV pass energies for survey and high-resolution spectra, respectively, with a 90o emission 

angle. Spatially-resolved XPS was done at three locations, at the center of EB irradiation, at the edge 

of the EB irradiation and in the RP only area to study the spatial evolution of the surface species. 

1.3.3 Materials 

The catalyst used in the plasma-assisted CH4 decomposition study was a nickel catalyst 

supported by alumina (13 wt.%) and silica (12 wt.%). The weight percentage of nickel was 65%. 

To compare with the nickel catalyst, kieselguhr, a powder material, whose amorphous silica 

composition is over 95 wt.%, was used as a control to study the plasma effect without the 

presence of a metal catalyst.  

The Ru thin film samples were deposited using magnetron sputtering. The sample 

consists of a ~15 nm Ru layer on top of a ~30 nm SiO2 layer with Si as the substrate. For the Ta 
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sample, ~40 nm Ta was deposited on top of a ~30 nm SiO2 layer with Si substrate using the 

magnetron sputtering technique. Both samples were back-etched to obtain the optical index 

values: n=4.9-6.35i for Ru and n=3.54-3.57i for Ta.  

1.4 Collaborations 

We have been extensively collaborating with experts from both academia and industry, 

who have provided numerous supports for our research with their knowledge, experience and 

expertise. A brief overview of the collaboration is listed in Table 1.1.  

Table 1.1: List of collaborations 

Project Member Affiliation 

APPJ-assisted catalytic 

decomposition of CH4 

Peter Bruggeman, Jingkai Jiang University of 

Minnesota 

EB and RP induced etching 

of Ru and Ta 

Hubertus Marbach, Christian Preischl, 

Michael Budach, Daniel Rhinow, 

Klaus Edinger 

Carl Zeiss SMT 

GmbH 
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Abstract 

In this work, we investigated atmospheric pressure plasma jet (APPJ)-assisted methane 

oxidation over a Ni-SiO2/Al2O3 catalyst. We evaluated possible reaction mechanisms by 

analyzing the correlation of gas phase, surface and plasma-produced species. Plasma feed gas 

compositions, plasma powers, and catalyst temperatures were varied to expand the experimental 

parameters. Real-time Fourier-transform infrared spectroscopy (FTIR) was applied to quantify 

gas phase species from the reactions. The reactive incident fluxes generated by plasma were 

measured by molecular beam mass spectroscopy (MBMS) using an identical APPJ operating at 

the same conditions. A strong correlation of the quantified fluxes of plasma-produced atomic 

oxygen with that of CH4 consumption, and CO and CO2 formation implies that O atoms play an 

essential role in CH4 oxidation for the investigated conditions. With the integration of APPJ, the 

apparent activation energy was lowered and a synergistic effect of 30% was observed. We also 

performed in-situ diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS) to 

analyze the catalyst surface. The surface analysis showed that surface CO abundance mirrored 

the surface coverage of CHn at 25 oC. This suggests that CHn adsorbed on the catalyst surface as 

an intermediate species that was subsequently transformed into surface CO. We observed very 

little surface CHn absorbance at 500 oC, while a ten-fold increase of surface CO and stronger 

CO2 absorption were seen. This indicates that for a nickel catalyst at 500 oC, the dissociation of 

CH4 to CHn may be the rate-determining step in the plasma-assisted CH4 oxidation for our 

conditions. We also found the CO vibrational frequency changes from 2143 cm-1 for gas phase 

CO to 2196 cm-1 for CO on a 25 oC catalyst surface, whereas the frequency of CO on a 500 oC 

catalyst was 2188 cm-1. The change in CO vibrational frequency may be related to the oxidation 

of the catalyst. 
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2.1 Introduction 

Plasma catalysis is a promising technique that may improve the efficiency of chemical 

processing using catalyst materials [2, 6, 69], and lower the temperature required to activate the 

catalyst [70, 71]. Plasma catalysis has been investigated for volatile organic compound (VOC) 

removal [72, 73], hydrocarbon reforming [5, 12, 74, 75], ammonia production [76, 77] and 

others. Plasmas have also been used to synthesize catalysts [78, 79]. A synergistic effect, i.e., a 

higher conversion rate and lower activation energy for a combined approach relative to separate 

plasma or thermal catalysis driven conversions, have been reported in several publications [11, 

74]. However, the mechanistic origins of the plasma-catalyst synergistic effect remain elusive. 

Cold atmospheric pressure plasmas (CAPP) used in plasma catalysis are able to generate 

high energy electrons [7], ions, and highly reactive species including radicals and electronically 

excited species without large increase in gas temperatures [30, 80] [8]. This large variety of 

reactive species including the production of photons and electrical fields has not allowed to 

experimentally identify key species produced from the plasma that are responsible for plasma 

catalytic reactions [30]. The absence of such a correlation impedes the further development of 

the plasma-catalysis technique. 

The methane oxidation to syngas reaction has many potential benefits compared to other 

methane reforming techniques [81]. Primarily, it is an exothermic reaction with a lower energy 

cost than other pathways [82]. Despite intense research efforts, the reaction pathways even 

without the presence of plasma remain subject to continued research. Two reaction pathways are 

mainly discussed: (i) Reforming mechanism: the CH4 is first completely oxidized to CO2 over 

the catalyst. Subsequently, CO2 reforming of CH4 takes place to produce CO, which is the 

secondary product [82-84]. (ii) Direct partial oxidation mechanism: CH4 is dehydrated to CHn 
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species on the catalyst which are then oxidized to CO, and CO is the primary product [85-88]. It 

should be noted that the temperature range and the state of the catalyst, e.g., reduced or 

unreduced, can have a significant influence on reaction pathways. The lack of a complete 

understanding of the pathways of thermal oxidation of CH4 sets an obstacle for interpreting the 

mechanism of plasma-assisted CH4 oxidation. 

One of the difficulties in investigating the mechanism of plasma catalysis is the 

implementation of in-situ/operando surface characterization [4]. The rapid changes that occur on 

the catalyst surface can provide valuable information regarding the reaction pathways. However, 

the appearance of those surface species may be subtle and transient, making it difficult to capture 

such information, especially in the plasma-catalysis system where the plasma is generated in 

close contact with the catalyst providing challenges to perform in-situ surface characterization 

techniques. The high pressure environment also precludes the use of many surface 

characterization techniques standardly used in low pressure plasmas which require a vacuum 

environment [4]. Stere et al. described a novel design of a DBD plasma-catalysis system that 

allows in-situ surface characterization by DRIFTS to investigate plasma-assisted VOCs removal 

over three metal oxide catalysts [89]. 

In the past few years, we have developed a well-described non-thermal atmospheric 

pressure plasma jet [7, 8, 90, 91]-catalyst system that is capable of performing real-time 

downstream gas phase and operando surface analysis [4, 11, 12]. The key feature of such a 

design is the possibility to do in-situ surface characterization by DRIFTS. Since the plasma 

generation occurs remotely in the plasma jet and reactive species are convectively transported to 

the catalyst, easy access to the catalyst surface for external characterization is available. This 

approach has also key advantages for the measurement of the plasma-produced short-lived 
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reactive species. The APPJ-catalyst interaction in the decomposition of methane in this system 

has been extensively evaluated. Knoll et al. [11] investigated the behaviors of CH4 and products 

of the reaction using different plasma parameters and catalyst temperatures. They found that the 

CO production was due primarily to the APPJ effect. The CO production was suppressed at high 

temperature while CO2 production was enhanced. Spectral features obtained by DRIFTS were 

also discussed and a connection between gas phase and surface was evaluated. Zhang et al. [12] 

investigated the time-resolved response of surface CO and CHn species to catalyst temperature, 

plasma feed gas composition, and plasma-surface distance. They found that the surface CO 

formation was correlated with the removal of surface CHn by the APPJ when operating with high 

oxygen concentration in the feed gas.  

Although much progress and understanding of the plasma-catalyst interaction have been 

accomplished, a comprehensive analysis of the connection between the plasma source and the 

plasma-catalytic reaction is still lacking. In this work, we characterized the downstream gas 

phase and the surface under various conditions using an IR spectrometer at the University of 

Maryland and quantified the plasma-produced reactive species flux using MBMS on an identical 

plasma jet operating at the same conditions at the University of Minnesota. A correlation 

between the measured gas phase species, reactive species produced by the APPJ, and surface 

species has been established, and the synergy effect has been evaluated. By combining all the 

measurements and performing correlations, we can draw conclusions about the key species 

contributing to the oxidation of CH4 and shed light on the mechanism of the underpinning 

plasma-catalyst interaction. 
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2.2 Experimental Setup and Procedure 

The plasma source used in this study was a RF driven APPJ running at 14.3 MHz 

frequency modulated by 20 kHz on/off duty cycle (20% on time and 80% off time). A high 

voltage tungsten pin was placed in the center of a dielectric quartz tube, whereas the grounded 

ring electrode was attached around the tube. The properties of this APPJ have been extensively 

reported [7, 67, 92]. The APPJ was fed with 200 sccm Ar and 1, 2 or 3 sccm O2, corresponding 

to 0.5%, 1% and 1.5% O2.  

The catalyst used in the experiments was a nickel catalyst supported by alumina (13 wt%) 

and silica (12 wt%). The weight percentage of nickel was 65%. To compare with the nickel 

catalyst, kieselguhr, a powder material, whose amorphous silica composition is over 95 wt%, 

was used as a control to study the plasma effect without the presence of a metal catalyst. More 

detailed information regarding the catalyst material can be found in [12]. 

A schematic of the plasma system is shown in figure 2.1. The APPJ was integrated in a 

high temperature reaction chamber (HVC-DRM-5) by a lab-made macro feedthrough, which was 

fixed on one of the three viewports [11]. In addition to the feed gas flown through the APPJ, 2 

sccm CH4 carried by 400 sccm Ar was injected downstream of the APPJ near the catalyst bed. At 

this location, the methane and reactive species generated by the APPJ, can interact with each 

other and with the catalyst through which the gases left the reaction chamber. The quartz tube-to-

catalyst distance was fixed at 5 mm. Note that varying the plasma-to-catalyst distance is 

expected to change certain aspects of the results reported here (see [12]), but this characteristic is 

not dealt with in this work. The methane and gas products produced from the plasma-catalyst 

interaction entered a lab-made gas cell with a 15 cm optical path length sealed with two ZnSe 

windows, where real-time gas phase characterization was performed using an FTIR spectrometer 
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(IRTracer-100, Shimadzu) equipped with a liquid nitrogen-cooled HgCdTe (MCT) detector. All 

the gas phase characterizations were done at 0.5 cm-1 resolution, Happ-Gentzel apodization and 

with 10 scans averaged to reduce the baseline noise. Operando DRIFTS measurements were 

performed to characterize the catalyst surface. In DRIFTS, the infrared beam passes through KBr 

windows installed on two viewports of the dome and is scattered off the catalyst surface. The IR 

beam is then reflected by mirrors in the DRIFTS accessory (Praying Mantis, Harrick Scientific) 

towards the spectrometer detector. IR spectra showed peaks corresponding to CO, CHn and other 

oxygenates, and their intensities were analyzed. Details of the DRIFTS setup and 

characterization can be found in [11]. 

 

Figure 2.1. The scheme of the reactor for plasma-catalyst interaction and DRIFTS and 

downstream FTIR measurements [11]. 

The gas lines were evacuated to 10-5 torr before each experiment, and the reaction 

chamber was purged by Ar flow to eliminate ambient CO2 and water vapor that cannot be 

differentiated from the products of the reactions. During the experiments, the plasma power was 

increased in steps to the highest possible power without arcing. The plasma treatment time was 5 
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minutes at each power level which is long enough for the reactions to reach steady state. Both 

measurements with the catalyst bed at 25 oC and heated to 500 oC were performed. For the high 

temperature experiments, the catalyst was heated at a rate of 10 oC/min. When it reached 500 oC, 

pure thermal catalytic reactions were first recorded as a baseline before the APPJ was ignited. 

Temperature-programmed experiments have also been performed to investigate the plasma effect 

on the activation energy of the reactions. In these experiments, the plasma was either on or off 

through the entire temperature ramping process.  

The plasma-produced reactive species flux was measured at 5 mm from the nozzle, 

corresponding to the location of the catalyst bed, with MBMS. The sampling occurred through 

an orifice of 30 µm in a stainless-steel substrate. More details of the measurement procedure can 

be found in [16, 90]. As the plasma jet was not in direct contact with the catalyst nor the 

substrate, the species production in the plasma are independent of the material of the sampling 

substrate. 

2.3 Results 

2.3.1 Real-time Downstream Gas Phase Characterization 

Typical FTIR spectra obtained for a 0.5% O2/Ar flow with and without plasma and at a 

catalyst temperature of 25 oC and 500 oC are shown in figure 2.2. Due to the large disturbance of 

water vapor from ambient environment, water, a possible product of the oxidation of methane, 

was not quantitatively investigated in this work. The other three species, CH4, CO and CO2, all 

show IR absorption features that could be related to their density by Beer’s law. It should be 

stressed that the background spectra were taken after the CH4 flow was applied, which is why the 

consumption of CH4 leads to a negative absorbance. 
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Figure 2.2. Overview of the gas phase FTIR spectra with a feed gas composition of 0.5% O2 in 

200 sccm Ar with catalyst temperature of 25 oC without plasma (black), 25 oC with plasma (red), 

500 oC without plasma (blue), and 500 oC with plasma (purple).  

The IR spectrum recorded at 25 oC without plasma (black spectra) has no CH4 and CO 

absorption features, consistent with neither CH4 is consumed, nor CO is generated. Nonetheless 

some CO2 features can be observed due to fluctuation in the ambient CO2 density in the IR beam 

path, but the average density calculated from those features remains negligible (~1013). When the 

APPJ was switched on with the catalyst at 25 oC (red spectra), CH4, CO and CO2 features readily 

appeared, indicating that the oxidation of CH4 to both CO and CO2 was taking place. With the 

catalyst at 500 oC without plasma (blue spectra), thermal catalytic reactions did not produce CO 

gas but the CH4 was undergoing complete oxidation to CO2. When the plasma was switched on 

with catalyst at 500 oC (purple spectra), a drastic increase of CH4 consumption and CO2 

generation could be seen, while CO absorption bands have a lower intensity than that at 25 oC. 

The IR absorbance of CH4, CO and CO2 were converted to number density (number/cm3) 

based on Beer’s law, which is shown in the following equation:     
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𝑛𝑛 =
𝐴𝐴𝐴𝐴𝐴𝐴

0.4343 ∗ 𝜎𝜎 ∗ 𝑙𝑙
(2.1) 

In this equation, 𝑛𝑛 is the density of the gas calculated from a certain absorption peak, 𝐴𝐴𝐴𝐴𝐴𝐴 

is the absorbance measured by FTIR at that peak, 𝜎𝜎 is the attenuation cross section, which is 

calculated from the HITRAN FTIR database [68], and 𝑙𝑙 is the optical path length of the gas cell 

which is 15 cm [11]. To calibrate the gas density, a known amount of CH4, CO or CO2 was 

flowed through the gas cell. The measured density was found to be linearly proportional to the 

real concentration, and a correction factor for each gas was obtained by comparing the real 

density with the measured density, which was 2.789, 0.46 and 0.19 for CH4, CO and CO2, 

respectively. Details of the gas quantification method can be found in [11]. 

2.3.1.1 Variation of Plasma Power, O2 Flow Rate and Catalyst Temperature  

The concentration of consumed CH4, generated CO and CO2 at a catalyst temperature of 

25 oC and 500 oC as a function of the plasma dissipated power is plotted in figure 2.3. In general, 

increasing the plasma power can enhance the CH4 consumption and CO and CO2 production, 

which is due to the increase of plasma density, reactive species fluxes and plasma plume length. 

Conversely, increasing the O2 flow rate lowers the CH4 conversion at the catalyst temperature of 

25 oC, as the reactive species density and plasma plume length are reduced upon the addition of 

O2 gas [93]. However, at 500 oC in the thermal-driven dominant region (low plasma power), the 

O2 flow can increase the CH4 consumption and CO2 production. As for CO, it can only be 

generated at significant quantities in the presence of plasma for the investigated conditions in this 

work and the increase in O2 addition did not enhance CO production even with the catalyst at 

500 oC. In addition, we found that the CH4 consumption and CO2 production are enhanced at a 

catalyst temperature of 500 oC compared to 25 oC while the CO production reduces. In this work, 

the conversion rate of CH4 to CO and CO2 is around 90%, which indicates that the formation of 
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other byproducts is not significant. However, less than 10% of the overall methane was oxidized, 

which was much lower compared to flowing methane through the plasma source [74], because of 

less direct interaction between the ionizing plasma and the methane. 

  

Figure 2.3. Measured densities of CO, CO2 and CH4 under various plasma powers at a catalyst 

temperature of 25 oC or 500 oC: CH4 consumption at 25 oC (a) and 500 oC (b), CO production at 

25 oC (c) and 500 oC (d), and CO2 production at 25 oC (e) and 500 oC (f). 

2.3.1.2 Temperature-programmed Experiments 

To evaluate the effect of plasma on the activation energy, temperature-programmed 

experiments were performed with and without plasma application. The nickel catalyst was 

continuously heated from 25 oC to 500 oC at 10 oC/min with 1 W plasma jet. Downstream gas-
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phase measurements were recorded throughout the entire process. As shown in figure 2.4a, the 

consumption of CH4 is an activated process that is enhanced with temperature. Without plasma, 

the nickel catalyst was activated at 360 oC, as indicated by the temperature where the 

consumption of CH4 started to increase. With 1 W plasma, the activation temperature was 

lowered to 310 oC. 

As we have seen in figure 2.3, CO production becomes weaker while the CO2 production 

is boosted at a catalyst temperature of 500 oC than at 25 oC, one may speculate that CO is 

oxidized to CO2 at elevated catalyst temperature. We conducted an experiment to evaluate the 

temperature evolution of CO and CO2. The plasma power was set at a relatively high value (3 W) 

in order to enhance the plasma-catalyst interaction. In figure 2.4b, the CO curve starts to decline 

at around 200 oC, while the CO2 curve begins to increase at the same temperature. This result 

clearly demonstrates that CO2 is favored at high temperature. It is worth noting that the amount 

of decreased CO cannot compensate for the amount of increased CO2 since the CO2 production 

at high temperature with plasma also includes the thermal catalysis and other synergistic effects 

that can enhance the reaction. We also found that heating of the catalyst does not cause 

noticeable change of the plasma properties (shown in figure 2.9), the oxidation of CO to CO2 

should happen on an activated catalyst surface.  
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Figure 2.4. (a) The temperature dependence of CH4 consumption with and without the 1 W 

Ar/O2 plasma. (b) Density profile of CO and CO2 as a function of temperature using 3 W Ar/O2 

plasma. The catalyst was heated from 25 oC to 500 oC at 10 oC/min. 

2.3.2 Reactive Oxygen Species 

The most dominant ROSs produced by Ar/O2 APPJ are atomic oxygen, ozone and singlet 

oxygen, and their density profile measured by MBMS was shown as a function of dissipated 

plasma power in figure 2.5. The variation of the atomic O density exhibits a similar trend with 

plasma power as the consumed CH4 and produced CO and CO2 densities do, while O3 and 

singlet O2 do not have similar correlation. We have correlated the fluxes of atomic O and gas 
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phase species from the CH4 conversion reactions and is discussed in 4.2. For additional 

information regarding the ROSs produced by the APPJ, the reader can refer to [67, 90]. 

  

Figure 2.5. The ROSs densities at a distance of 5 mm from the APPJ nozzle as a function of 

plasma power [16, 90]. 
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2.3.3 DRIFTS Results 

The evolution of surface species on the catalyst was measured in-situ by the DRIFTS cell 

integrated into the FTIR sample compartment. The experimental conditions and plasma 

treatment procedure were the same as for the downstream gas phase measurements so that 

complementary gas phase and surface data could be obtained. The FTIR was set at 4 cm-1 

resolution, Happ-Gentzel apodization and with 20 scans averaged for the DRIFTS 

measurements. Background spectra were taken using a pristine catalyst sample. Thus, a positive 

signal in the DRIFTS measurements indicates the formation of surface species, whereas a 

negative signal means a loss of surface species. While no quantitative analysis of the DRIFTS 

measurements were attempted, the changes in relative absorbance in the DRIFTS spectra is still 

qualitatively related to the abundance of the surface species [94]. 

Figure 2.6 shows a selection of DRIFTS spectra for catalysts at 25 oC and 500 oC with or 

without a 2 W plasma jet with 0.5% O2. The band observed around 3500 cm-1 is associated with 

hydroxyl groups [95]. The hydroxyls can be derived from either the chemical reactions, or the 

water vapor residues inside the reactor and gas tubing. CH4 peaks at 2900 to 3150 cm-1 and 

around 1300 cm-1 [96] can be observed. However, these peaks are due to changes in gas phase 

CH4 rather than surface-adsorbed CH4. This was confirmed by DRIFTS measurements after the 

plasma treatment and flushing of the reactor that led to the immediate disappearance of the CH4 

absorption features, while surface species typically remain on the surface longer and retained 

their absorption features. Similarly, gas phase absorption can be observed for CO2 around 2280–

2290 cm-1 [97, 98]. The origin of these gas phase absorptions was from the IR light going 

through the gas phase above the catalyst before and after it was scattered on the surface.  
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Figure 2.6. The DRIFTS spectra with or without the 2 W plasma jet with a gas composition of 

0.5% O2 in 200 sccm Ar at a catalyst temperature of 25 oC and 500 oC: 25 oC no plasma (black), 

25 oC with plasma (red), 500 oC no plasma (blue), and 500 oC with plasma (purple). (a) An 

overview of DRIFTS spectra. (b) Magnified spectra of the surface CO. (c) Magnified spectra of 

the surface CHn and gas phase CH4. 

For a catalyst sample at 25 oC without plasma, other than O-H and gas phase CH4 peaks, 

no other IR peaks are observed. When the 2 W APPJ was applied on the 25 oC catalyst, a surface 

CO absorbing at 2196 cm-1 [12] and surface CHn absorbing at 2860 cm-1 [96, 99] was observed, 

as shown in figure 2.6b and 6c by the red spectra. Unfortunately, the IR bands of CHn (n=1, 2 

and 3) overlap in the range of 2800-3100 cm-1 in our experiment [100], and unambiguous 

assignment of the peaks to a specific CHn species is difficult, thus we refer to the band at 2818–

2914 cm-1 as CHn in general. For a catalyst at 500 oC without plasma, no surface CO or CHn 

peaks were observed as shown by the blue spectra in figure 2.6, which is consistent with the gas 

phase results that no CO and only CO2 is produced at 500 oC without plasma (figure 2.2). After 

the APPJ was switched on at 500 oC, a strong surface CO peak at 2188 cm-1 was observed. No 
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surface CHn was observed at this condition, which is a distinctive difference with the 25 oC 

catalyst case. In figure 2.6b, the vibrational frequency of CO shows a blue shift from the gas 

phase free CO molecule (2143cm-1, figure 2.2) to surface-adsorbed CO at 25 oC (2196 cm-1) and 

500 oC (2188 cm-1). This is likely due to the oxidation state of nickel and will be discussed in 

4.4.  

The other absorption features present in the DRIFTS spectra at 1590 cm-1, 1290 cm-1, and 

939 cm-1 can be assigned to carboxylate [96, 101], carbonate [102], and superoxo or nickel oxide 

[103], respectively. The unambiguous assignment of the peaks between 750–1800 cm-1 is hard, 

as many species, such as carbonate, carboxylate, hydroxyl, etc. with overlapping absorption 

bands are located in this range. Additionally, the absorbance of these species seems independent 

of the plasma power, as shown in figure 2.7. In the scope of this work, it is possible that those 

species act as spectator species or mild intermediates that do not play a key role in the reactions, 

as discussed by Demoulin et al. [97] and Meunier et al. [104] in their work. Further investigation 

of those species is outside the scope of this work.  

 

1750 1500 1250 1000 750
0.0

0.1

0.2

0.3

0.4

0.5
Ni at 25 oC
0.5% O2 APPJ

Ab
so

rb
an

ce

Wavenumber (cm-1)

1590 cm-1 1290 cm-1 939 cm-1

0 W

0.5 W

1.0 W

2.5 W

(a)



 

32 
 

Figure 2.7. DRIFTS spectra in the region of 750-1800 cm-1 at the catalyst temperature of 25 oC. 

The APPJ feed gas was 0.5% O2 in 200 sccm Ar, and different powers were selected. Three main 

absorption features from surface species at 1590, 1290 and 939 cm-1 might be assigned to 

carboxylate, carbonate and O2
- ions or nickel oxide, respectively. 

2.4 Discussion  

2.4.1 Effects of O2 Additives on Decomposing CH4  

Figure 2.8a shows that increasing the O2 admixture to Ar/O2 feed gas decreases the 

consumption of CH4 at 25 oC. The addition of O2 to the plasma source leads to the quenching of 

high-energy electrons, metastable species and reactive oxygen species [64, 93, 105, 106], 

resulting in the decrease of plasma-induced reactivity. The plasma plume length also decreases 

significantly upon increasing O2 addition [106]. The correlation between plume length and 

conversion has two origins: the stronger mixing of the surrounding CH4 with the ionizing plasma 

in the case of the larger plume length or the distance short-lived radicals that are rapidly 

decaying afterglow have to travel. In addition, the lifetime of, for instance, the O radical is 

strongly impacted by the O2 concentration as its main destruction pathway is through the 

recombination with O2 forming O3 in a three body reaction [91]. Hence, the O2 concentration 

could drastically impact O flux to the catalytic surface and reduce the CH4 conversion.  

At a catalyst temperatures of 500 oC, an increased amount of O2 can promote the 

consumption of CH4 in thermal-driven catalytic reactions as shown in figure 2.8b [107]. This 

process seems to favor CH4 to CO2 conversion. This conclusion remains valid in plasma 

catalysis with low plasma power, where the dominant reaction is still the thermal-driven catalytic 

reaction. With increasing plasma power, however, the plasma-induced effects become more 

pronounced and a similar reduction in CH4 conversion with increasing O2 addition occurs. The 
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transition point between these two different trends is 2.5 W. At this power, CH4 conversion is 

independent of the amount of O2 added to the feed gas. 

  

Figure 2.8. CH4 consumption for different O2 amounts in the feed gas at different plasma powers 

at a catalyst temperature of 25 oC (a) and 500 oC (b). As a reference, no plasma conversions have 

also been included. The data are extracted from figure 2.3. 
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2.4.2.1 Validity of Using MBMS Fluxes to Correlate with Conversion 
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conversion. To this end, we replaced the catalyst with kieselguhr powders treated by plasma and 

assessed the CH4 conversion at a kieselguhr powder temperature of 25 oC and 500 oC without the 

presence of a metal catalyst as shown in figure 2.9. No significant difference in CH4 conversion 

was observed confirming that the heating of the catalyst bed to 500 oC has a negligible effect on 

the methane conversion. 

As the catalyst particles were loosely packed in the holder, the effluent of the plasma jet 

could easily flow through the catalyst holder without much flow resistivity in the experiments. 

The convection timescale over a distance of 1 mm when approaching the catalyst bed is 

estimated to be ~1.7 ms, based on the gas velocity entering the catalyst holder. When the catalyst 

temperature increases from 25°C to 500°C, the convective transport of reactive species to the 

catalyst holder is not impacted significantly. This is because the timescale of thermal diffusion is 

estimated to be on the order of ~45 ms over a distance of 1 mm (based on l2/α, l is the 

characteristic length and α is the thermal diffusivity of Argon 2.2 ×10-5 m2 s-1), which is much 

longer than the corresponding convection timescale (~1.7 ms). Therefore, the convection is more 

dominant over the heat diffusion and there is negligible temperature gradient in the upstream gas 

phase before the catalyst holder. Hence the plasma produced reactive species fluxes measured at 

25°C are representative for both the catalyst operating at 25°C and 500°C. Note however, that 

this estimate implies that the thermal gradients occur in the catalytic bed and the given 

temperatures should be interpreted as holder temperatures during the application of the gas flow.  
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Figure 2.9. CH4 density as a function of plasma power with kieselguhr powder instead of catalyst 

at a temperature of 25 oC and 500 oC.  

2.4.2.2 Correlation between CH4 Conversion and Atomic O flux  

To evaluate the effect of the ROSs produced in the plasma, we converted the measured 

density (cm-3) to flux (cm-2s-1) on the catalyst surface at a distance of 5 mm from the quartz tube. 

As the gases flow through the catalyst bed (and in the case of the MBMS similarly gas suction 

into the sample orifice occurs) the catalyst surface is not a stagnation zone and the flux can be 

estimated from the local gas velocity and density as the species are convectively transported into 

the catalytic bed.  

𝛤𝛤 =  
𝜌𝜌𝜌𝜌
𝐴𝐴

(2.2) 

Here  𝛤𝛤 is the average particle flux (cm-2s-1), 𝜌𝜌 is the gas density (cm-3) which can be 

measured by FTIR for CH4, CO and CO2, and by MBMS for ROSs, 𝑄𝑄 is the volumetric flow rate 

(cm3s-1), 𝐴𝐴 is the catalyst bed cross section (cm2). While we recognize that in this system 

concentration gradients will be present due to mixing of the feed gas through the jet and gas 
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added in the chamber, a first order estimate of the gas velocity at the catalytic bed can be 

obtained by expressing mass conservation of the gas flow through the system.  

By correlating the ROSs and the consumed CH4, and produced CO and CO2 fluxes, we 

found that atomic O flux exhibits a linear correlation with the fluxes of consumed CH4 and 

produced CO and CO2, as shown in figure 2.10. However, the other two ROSs, singlet oxygen 

and ozone, do not show any obvious correlation. The flux of the consumed CH4, produced CO 

and CO2 is proportional to the atomic O flux delivery to the catalytic bed, and the curves 

coincide for all O2 flow rates at a catalyst temperature of 25 oC. As the ion flux and UV flux are 

very small for these jet conditions [64, 108], these observations are consistent with the 

hypothesis that atomic O is the key reactive species that contributes to the reaction. Luan et al. 

[9] studied polymer etching using a similar APPJ, and they found that the etching depth of the 

polymers mirrors the flux of atomic O produced from the APPJ, and a similar proportional 

relationship between the etching depth and atomic O flux was established. They concluded that 

the atomic O initiates and directly participates in the polymer etch [9] which was confirmed by a 

detailed quantitative analysis involving a broader range of radical species in [109]. In addition, at 

a catalyst temperature of 500 oC, the enhancement of the O2 flow on thermal conversion of CH4 

to CO2 is reflected in figure 2.10, indicating that the thermal catalytic reaction utilizes O2 gas to 

oxidize CH4. 
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Figure 2.10. Correlation between the fluxes of consumed CH4, produced CO and CO2 and atomic 

O at the catalyst temperature of 25 oC (a) and 500 oC (b). The concentration of CH4, CO and CO2 

was extracted from figure 2.3, and that of atomic O was extracted from figure 2.5. The fluxes of 

the gases and atomic O were calculated based on Eq. (2.2). 

2.4.3 Apparent Activation Energy and Synergistic Effect 

Based on the temperature dependence profile of CH4 consumption in figure 2.4a, the 

apparent activation energy can be calculated through the rate equation and Arrhenius equation: 

𝑟𝑟 = 𝐾𝐾[CH4]𝑎𝑎[O2]𝑏𝑏 (2.3) 
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𝐾𝐾 = 𝐴𝐴 ∙ 𝑒𝑒−
𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅 (2.4) 

Here 𝑟𝑟 is the CH4 consumption rate, which is calculated by multiplying the concentration 

of consumed CH4 by the total flow rate, 𝐾𝐾 is the reaction rate coefficient, 𝑎𝑎 and 𝑏𝑏 represent the 

reaction order for CH4 and O2 respectively, 𝐸𝐸𝑎𝑎 is the apparent activation energy, and 𝑇𝑇 is the 

temperature of the reaction. By combining the two equations, the apparent activation energy can 

be extracted from the slope of CH4 consumption rate vs. 1/ 𝑇𝑇. 

ln(𝑟𝑟) = ln(𝑎𝑎) + 𝑎𝑎 ∙ ln[CH4] + 𝑏𝑏 ∙ ln[O2] −
𝐸𝐸𝑎𝑎
𝑅𝑅

1
𝑇𝑇

(2.5) 

The log of the reaction rate is linearly proportional to 1/ 𝑇𝑇 with −𝐸𝐸𝑎𝑎/ 𝑅𝑅 as the slope. 

Figure 2.11 is the log of CH4 consumption rate as a function of 1000/ 𝑇𝑇. The apparent activation 

energy is calculated to be 81.86 kJ/mol (0.85 eV) for the thermal catalytic reaction, and 47.86 

kJ/mol (0.50 eV) for the plasma-enhanced catalysis reaction. A decrease in apparent activation 

energy of over 40% is observed. Geng et al. investigated the methane catalytic combustion over 

a Cu catalyst, and the apparent 𝐸𝐸𝑎𝑎 was found to be around 100 kJ/mol, depending on the O2/CH4 

ratio [110]. The discrepancy of measured apparent 𝐸𝐸𝑎𝑎 between their work and ours could be due 

to the difference of the setup as well as the catalyst used. Unfortunately, we did not find any 

literature that includes the calculation of the apparent 𝐸𝐸𝑎𝑎 for the oxidation of CH4 by Ar/O2 

plasma. 
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Figure 2.11. The Arrhenius plot of CH4 consumption with and without the 1 W O2/Ar plasma. 

The data was calculated from figure 2.4a based on Eqs. (2.3)-(2.5). 

The plasma can dissociate CH4 and O2 to reactive intermediates, such as CHn for CH4 

(see supplementary material for the discussion of CH4 dissociation by plasma-produced species) 

and atomic O for O2. The plasma can also generate vibrationally excited methane (CH4_vib) 

which can be dissociated on active catalyst sites with less energy input [111], although this is 

less likely in the present study as the CH4 is not fed through the ionizing plasma. The 

contribution of the plasma lowers the apparent activation energy required to break down the 

strong chemical bonds that usually require high temperatures [111]. At the catalyst temperature 

of 500 oC with the APPJ, more reactive species participate in the chemical reactions on the 

surface than without plasma, which contributes to the synergistic effect in plasma catalysis. As 

can be seen in figure 2.12, the catalytic reaction with 1.0% O2 plasma at 500 oC consumes more 

CH4 (31% higher using 3.5 W APPJ) than the sum from the reaction with plasma at 25 oC and 

pure catalytic reaction at 500 oC. The sum of CO and CO2 products using the 1.0% O2 APPJ at 

500 oC catalyst temperature is also higher than the sum of the separate reactions (32% higher 
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using 3.5 W APPJ). Therefore, a synergy of about 30% can be observed in our system. 

Nonetheless, the temperature increase at the catalyst bed can extend the lifetime of the O radical 

as the dominant recombination reaction is highly sensitive to temperature [91]. However, the 

influence of the increased O radical lifetime on the CH4 conversion at elevated catalyst 

temperature is out of the scope of this paper and will not be discussed in this work. 

 

Figure 2.12. Comparison of plasma catalysis at 500 oC using 1.0% O2 in an APPJ with the sum 

of using an APPJ at 25 oC and pure thermal catalytic reaction at 500 oC. Plasma catalysis at 500 
oC (a) consumes more CH4 and (b) generates more products (sum of CO and CO2) than the 

combination of the other two cases.  
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2.4.4 Changes of CO Vibrational Frequency 

One important observation is that the CO IR vibrational frequency shifts from that seen 

for the CO molecule in the gas phase when a surface-adsorbed species is studied. As shown in 

figure 2.13, the free gas CO measured by downstream FTIR has absorbance bands centered at a 

wavenumber of 2143 cm-1, in agreement with literature [68]. The surface-adsorbed CO measured 

by DRIFTS at 25 oC catalyst temperature has an absorbance blue shifted by 53 cm-1 from the free 

gas CO frequency. This phenomenon is consistent with simulations by Politzer et al [112]. 

Politzer et al. attributed the frequency increase of surface-adsorbed CO to the net transfer of 

charge from the carbon to Ni. Upon the formation of Ni-CO structure, CO could transfer its σ 

electrons to the Ni surface, while gaining antibonding 2π* electrons from the Ni surface [113]. 

The loss of the σ electrons is larger than the gain of the antibonding 2π* electrons if the CO is 

bonded to positively charged Ni ions, for instance, in nickel oxide, resulting in a stronger C-O 

bond and giving rise to a higher vibrational frequency. Spectroscopic studies of surface-adsorbed 

CO also showed that CO bonded to oxide surfaces displays a blue shift from its free gas 

component [114-116]. Lu et al. found a shift of surface-adsorbed CO bands to higher 

wavenumber, and they explained such phenomenon by the decrease of electron density on Pt, 

which was caused by the attraction of electrons from surface oxygen species [116]. 
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Figure 2.13. IR spectra of gas phase CO (red) and surface CO at 25 oC (black) and 500 oC (blue). 

The surface CO exhibits a blue shift from the gas CO (2143 cm-1). The surface CO at catalyst 

temperature of 500 oC shows a red shift from that at 25 oC. 

The catalyst temperature also plays a role in determining the IR frequency of surface CO. 

When the catalyst temperature goes up to 500 oC, the surface CO shows a wavenumber at 2188 

cm-1, which still exhibits a blue shift from the gas phase CO, but the frequency is slightly lower 

than that of the surface CO at a catalyst temperature of 25 oC. According to the work described 

in [117], CH4 could interact with the lattice O in the catalyst to form CO2. Replenishing lattice O 

may not be fast enough, and thus a relatively more reduced nickel catalyst can be produced at 

500 oC than at 25 oC. The extent of charge transfer increases with the positive charge of the Ni 

ions [112]. At 500 oC, due to loss of surface oxygen, the nickel ions have fewer positive charges 

on average than for a 25 oC catalyst. Subsequently, less charge transfer between the surface-

adsorbed CO and nickel catalyst takes place at 500 oC, and the blue shift of the CO vibrational 

frequency at the catalyst temperature of 500 oC would be more moderate than that at 25 oC.  
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2.4.5 Important Correlations And Possible Mechanisms Of Plasma–assisted 

Catalytic Reactions for the Ar/CH4/O2 system 

2.4.5.1 Analysis of Gas Phase and Surface Species with Varying Plasma Power and 

Catalyst Temperature   

In order to understand the mechanism of the plasma catalysis reactions in our system, we 

have compared the downstream gas phase measurements with the in-situ surface DRIFTS 

measurements. The gas phase CO and CO2 data can be directly extracted from figure 2.3 and is 

shown on the right y-axis in figure 2.14. Qualitative analysis of surface CO and CHn from the 

DRIFTS data was processed and shown on the left y-axis in figure 2.14. The absence of surface 

CO, surface CHn and gas phase CO in thermal catalytic reactions in our system (shown as 0 W 

dissipated power in figure 2.14b) indicates that the gas phase CH4 is oxidized to CO2, possibly 

by surface O derived from the breakdown of surface-adsorbed O2 over active catalyst-sites, as 

also suggested by Hu et al. [87, 117, 118]. By using transient response methods, Hu et al. 

demonstrated that the gas CH4 can directly react with surface-adsorbed oxygen to produce CO2 

and suggested that this process possibly follows an Eley-Rideal mechanism [117]. Dissanayake 

et al. used XPS to analyze the unreduced nickel catalyst surface and did not detect carbon 

formation on the surface at 500 oC, and they also did not observe the formation of gas CO at 500 

oC [82]. 
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Figure 2.14. Surface CHn and CO absorbance, and gas phase CO and CO2 densities as a function 

of plasma power at a catalyst temperature of 25 oC (a) and 500 oC (b). The absorbance of surface 

CO and CHn at 25 oC and CHn at 500 oC was multiplied by a factor of 10 for a clearer 

comparison. 

In figure 2.14a, it is shown that at 25 oC the surface CO follows the trend of surface CHn 

with plasma power. This tight correlation indicates that the surface CHn is connected with the 

formation of surface CO. The CH4 can be decomposed by high-energy plasma-produced species 

and dehydrogenation to CHn, which is adsorbed on the surface and then oxidized by atomic O to 

CO and CO2. Alternatively, the plasma also may produce vibrationally excited CH4* which can 
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adsorb on the surface as CHn. Although the reaction is taking place at the surface at 25 oC as 

confirmed by the detected surface species, gas phase products can also be generated from the 

oxidation of adsorbed CHn on other surfaces by atomic O produced from the APPJ for situations 

without catalyst and just support. Additionally, we cannot rule out the gas phase formation of CO 

by direct interactions involving no catalyst site. However, we consider these to be minor 

reactions and they are not discussed in this work. Knoll et al. [11] demonstrated that the orifice-

to-surface distance plays an important role on the acquired results even at a catalyst temperature 

of 25 oC, and the plasma impacts are much greater for short orifice-to-surface distances. The 

reason presented is the short lifetime of O atoms which limits the flux of species that can reach 

the surface, and the surface reactions will mirror the amount of reactive species that arrive at the 

surface.  

When the catalyst temperature was increased to 500 oC, we observed very little absorbance 

due to surface CHn, while a ten-fold increase of surface CO absorbance was seen as compared to 

the situation with the catalyst temperature of 25 oC as plasma power was increased (see figure 

2.14b). The large amount of surface CO species observed at 500 oC catalyst temperature is 

contrary to the temperature characteristics of direct adsorption of CO from the gas phase which 

should become weaker as temperature increases [119, 120]. This suggests that a fast surface CO 

production reaction should exist on the activated catalyst surface for plasma operating 

conditions. We postulate that the surface CO species is derived from the rapid oxidization of 

surface CHn at 500 oC driven by incident plasma-produced O, and possibly due to plasma-

induced stimulation of interaction with NiO sites. Additionally, thermally driven oxidation of 

CHn by surface-adsorbed O2 takes place at 500 oC. The oxygen-related consumption of CHn on 

an activated catalyst surface is so rapid that its density remains very low, while the surface CO 
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density is high. This is consistent with the dominance of CO2 gas production over CO gas 

production at this condition since surface CO can be further oxidized to CO2 due to the activated 

catalyst, whereas at 25 oC such oxidation is less likely to occur. At 500 oC, the transformation of 

CH4 to surface CHn might be the rate-determining step of the production of CO and CO2, since 

the low surface CHn density limits the reaction rate and the subsequent oxidation proceeds much 

faster. Nozaki et al. investigated methane steam reforming in a hybrid barrier discharge-catalyst 

(Ni/Al2O3) reactor, and they found that the dehydrogenation of methane is the rate-determining 

step [69]. The activation of CH4 to CHn can be enhanced by directly flowing CH4 through the 

APPJ, thus a much higher reaction rate can be achieved. We have investigated such APPJ gas 

configurations and our observations are consistent with enhanced CH4 reactivity and greater rates 

of CO and CO2 production. We will report our results in the future. At a catalyst temperature of 

500 oC, synergy effects can be observed (as shown in figure 2.12), since the surface CHn or 

vibrationally excited CH4 [111] can be more easily decomposed to hydrocarbons with lower H 

content on the active catalyst sites, and the ROSs produced from the APPJ can enhance the 

thermal reaction as well. The plasma catalytic reactions at 500 oC include all the reactions 

discussed for a catalyst temperature of 25 oC with plasma, along with enhanced thermal catalytic 

reactions and possible enhancement effects due to plasma-surface interactions. These reactions 

contribute to the higher conversion rate, lower apparent activation energy and initiating 

temperature, and synergistic effect of plasma catalysis. 

2.4.5.2 A Possible Picture of Important Surface Reactions  

Based on the discussion in section 4.5.1, we have attempted to bring the data together in 

first simplified models to explain possible reaction processes for different conditions examined 

here. This is shown in figure 2.15. It should be noted that while these processes are consistent 
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with the observations, they are also speculative since further characterization is required, e.g. on 

the state of the catalyst itself and the extent of plasma-induced gas phase reaction. Nevertheless, 

we offer this simplified schematic summary of possible processes since this may be helpful in 

terms of articulating further research questions that may shed light on the unknown mechanisms 

in plasma catalysis. 

 

 
Figure 2.15. (a) Proposed thermal catalysis processes at a catalyst temperature of 500 oC for 

CH4/O2 system. CH4 reacts with surface oxygen to produce CO2 [82, 87, 117]. (b) Scheme of the 

plasma-assisted oxidation of CH4 at a catalyst temperature of 25 oC, consistent with 

observations. O2 (directly) and CH4 (only by interaction with the plasma plume) are excited by 

plasma. Surface-adsorbed CHn species can be oxidized by atomic O to CO and CO2. The latter 

may involve adsorbed oxygen. The catalyst is inactive in this case, and little formation of NiO 

takes place without the influence of plasma. (c) Scheme of the plasma catalysis reaction at a 

catalyst temperature of 500 oC. Spontaneous interaction of O2 with the Ni catalyst produces NiO. 

Surface CHn is rapidly oxidized to CO and CO2 by surface-adsorbed O on the activated catalyst. 

In addition, CO can also be further oxidized to CO2 at an elevated catalyst temperature, as 

illustrated in figure 2.4b. 

2.5 Conclusions 

A non-thermal APPJ using different Ar/O2 flows has been used to study plasma-catalyst 

interactions during oxidation of methane over a nickel catalyst at different temperatures. 

Analysis of FTIR-based gas phase and surface reactive-species measurements has shed light on 
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the mechanisms of plasma-assisted catalytic CH4 conversion. CH4, CO and CO2 were 

characterized downstream of the catalyst bed by FTIR, and the catalyst surface was analyzed by 

operando DRIFTS under the same conditions. By varying the O2 flow rate through the APPJ 

source at catalyst temperatures of both 25 oC and 500 oC, we found that the O2 addition can 

suppress the plasma-enabled CH4 conversion (low catalyst temperature), while enhancing the 

thermal catalytic reaction (high catalyst temperature). The fact that plasma density increases both 

O atom generation and excitation of methane is consistent with the strong plasma power 

dependence observed. Reactive species in the plasma effluent analyzed by MBMS using an 

identical APPJ were correlated with the gas phase conversion and surface species measurements. 

By correlating the quantified ROSs fluxes from the plasma effluent with the measured rates of 

CH4 consumption and CO and CO2 production, we identified atomic O as a key species 

responsible for the oxidation of CH4 to CO and CO2. The work presented here demonstrates a 

compelling correlation of the products from plasma-catalytic reactions with the incident reactive 

species flux from the plasma effluent for specific experimental conditions used here. Catalyst 

heating experiments showed that the apparent activation energy can be lowered by 40% with the 

assistance of the APPJ. DRIFTS spectra obtained on the catalyst revealed information on surface 

species. A blue shift of the CO vibrational frequency from the gas phase CO to surface CO was 

observed. A possible explanation of this is the change of the oxidation state of the nickel catalyst. 

We also found the abundance of surface CO followed that of surface CHn species at a catalyst 

temperature of 25 oC. This indicates that CHn is adsorbed and then transformed into CO. It also 

suggests that the excitation of CH4 to form CHn on the catalyst surface mirrors the flux of O 

atoms to the catalyst surface, but that oxidation to CO is limited by the arrival rate of O atoms. 

The lack of appreciable surface CHn along with increased surface CO at a catalyst temperature of 
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500 oC can be explained by additional thermal oxidation and indicates that the decomposition of 

CH4 to CHn may be the rate-determining step at elevated catalyst temperature. Based on the 

observation, a conceptual model for thermal catalysis, plasma-induced reaction at 25 oC and 

plasma catalysis at 500 oC has been built to understand the plasma-catalyst interaction. 

2.6 Supplemental Material 

Due to the very large dissociation energy of CH4, only a few reactive species produced by 

the plasma will dissociate CH4 in the gas-phase at sufficiently high rates to be impactful, 

including energetic electrons and O atoms. In this study the CH4 is not fed through the ionized 

plasma jet, the entrainment of CH4 into the plasma jet effluent is necessary for gas phase 

dissociation. To assess the importance of gas phase CH4 dissociation in the afterglow region of 

APPJ, a simple estimation was performed to evaluate the possible roles of electrons and O atoms 

based on rate coefficients of the following CH4 dissociation reactions:                                                                  

𝑒𝑒− + 𝐶𝐶𝐻𝐻4 → 𝑒𝑒− + 𝐶𝐶𝐻𝐻3 + 𝐻𝐻,𝑘𝑘1 = 𝑓𝑓(𝑇𝑇𝑒𝑒)  (𝑅𝑅2.1) 

𝑂𝑂 + 𝐶𝐶𝐻𝐻4 → 𝐶𝐶𝐻𝐻3 + 𝑂𝑂𝑂𝑂,𝑘𝑘2 = 2.26 ∙ 10−12 ∙ �
𝑇𝑇

298
�
2.20

∙ 𝑒𝑒
−3819.84

𝑇𝑇  𝑐𝑐𝑐𝑐3 ∙ 𝑠𝑠−1  (𝑅𝑅2.2) 

The role of other dominant reactive species such as O2(a1Δg) and O3 can be ruled out due to 

their low energies, although recombination of O3 can lead to the formation of O in the plasma 

effluent. The threshold energy of R1 is ~10 eV according to the cross-section data from [121]. 

Assuming the electron temperature of 2 eV, consistent with the measurements in [93] using a 

similar plasma jet in the Ar+0.5% O2 + 0.33% CH4 gas composition, the non-Maxwellian 

properties of electron energy distribution function (EEDF) deplete the high energy electrons (>10 

eV), and an upper limit of k1 is calculated to be 5×10-14 cm3 s-1 with BOLSIG+ (12/2019) [122] 

using the PHELPS database from LXCat [123]. On the other hand, the rate coefficient of the 
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competing reaction k2 at 350 K (gas temperature in the jet effluents) is calculated to be 5.9×10-17 

cm3/s. Note that CH4 mostly diffuses into the jet effluent instead of the active plasma region, 

particularly for larger O2 concentrations with shorter plasma plume length. At the tip of the 

plasma plume, the O density will be in excess of 2×1016 cm-3 and the electron density will be ~ 

1012 cm3/s. This suggests the dissociation of CH4 by O density is most likely more effective than 

electron-induced CH4 dissociation. This might suggest significantly different conditions 

compared to a DBD system where transient higher electron temperatures are obtained and CH4 

dissociation has been attributed to electron-induced reactions [111]. Nevertheless, the 

characteristic timescale of these reactions remains slow for the investigated plasma conditions to 

fully explain the gas phase conversion and other processes involving excited state molecules, 

such as O(1D), cannot be excluded. A further analysis requires detailed modeling which is out of 

scope of this work.   
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Abstract 

Atmospheric pressure plasma has shown promise in improving thermally activated 

catalytic reactions through a process termed plasma-catalysis synergy. In this work, we 

investigated atmospheric pressure plasma jet (APPJ)-assisted CH4 oxidation over a 

Ni/SiO2
.Al2O3 catalyst. Downstream gas-phase products from CH4 conversion were quantified 

by Fourier transform infrared spectroscopy (FTIR). The catalyst near-surface region was 

characterized by in-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). 

The catalyst was observed to be activated at elevated temperature (500 °C) if it was exposed to 

the APPJ operated at large plasma power. “Catalyst activation” signifies that the purely thermal 

conversion of CH4 after plasma exposure became more intense and produced consistently CO 

product. Without the application of the APPJ to the Ni catalyst surface this was not observed at 

500 °C.  The study of different exposure conditions of the activated catalyst indicates that the 

reduction of the catalyst by the APPJ is likely the cause of the catalyst activation. We also 

observed a systematic shift of the vibrational frequency of adsorbed CO on Ni catalyst when 

plasma operating conditions and catalyst temperatures were varied and discussed possible 

explanations for the observed changes. This work provides insights into the plasma-catalyst 

interaction, especially catalyst modification in the plasma catalysis process, and potentially 

demonstrates the possibility of utilizing the surface CO as a local probe to understand the 

plasma-catalyst interaction and shed light on the complexity of plasma catalysis. 
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3.1 Introduction 

Atmospheric pressure plasmas produce reactive species, such as neutrals, ions, electrons, 

and photons, which can be applied in material processing [124], waste treatment [125], surface 

decontamination [126], and catalysis [2]. Plasma-catalysis is a growing field that has shown 

potential to improve conventional thermally-driven catalytic reactions, including ammonia 

synthesis [127], CO2 reduction [128], hydrocarbon reforming [107], and others.  

Syngas with a lower H2/CO ratio is beneficial for the synthesis of valuable oxygenate 

chemicals like methanol [129]. Compared to dry reforming and water reforming of methane, the 

partial oxidation of methane to syngas is an exothermal process and the energy utilization is 

more efficient [82]. The main products of partial oxidation reactions of CH4 are CO, CO2, H2O 

and H2 [82]. The mechanism and reaction pathways of partial oxidation of CH4 still remains 

unclear [84, 130]. For instance, researchers have not reached an agreement on whether the 

primary product is CO or CO2. Two reaction mechanisms are widely considered: (i) CH4 is 

broken down to CHn, which is further oxidized to CO and CO2 over the catalyst [87]; (ii) CH4 

undergoes combustion with O2 over the catalyst to CO2. Subsequently, the generated CO2 is 

reformed with CH4 to produce CO [84].  

Compared to the tremendous effort invested in the investigation of conversion rates and 

selectivity among different catalysts, fundamental research on the mechanism of plasma catalysis 

has drawn less attention. One of the difficulties is the lack of clear understanding of the thermal 

catalytic reaction pathways, as illustrated above the example of methane partial oxidation. The 

addition of plasma to the system increases complexity by increasing possible reaction pathways, 

and thus reaction mechanism(s) become more complex as thermal reactions and additional 

plasma induced effects start to interact [71]. Another obstacle is the difficulty to implement in-
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situ surface characterization. The plasma source usually physically contacts the catalyst, e.g. in a 

packed bed dielectric barrier discharge system [5], and thus makes the system difficult to be 

probed by surface characterization techniques. Moreover, the plasma-assisted catalytic reactions 

take place at high pressure, e.g., atmospheric pressure, which precludes the application of many 

standard surface characterization techniques that require a vacuum environment. The lack of 

surface characterization data and information on surface species is a major limitation for 

clarifying and distinguishing reaction pathways.  

The plasma-catalyst coupling usually results in a synergistic effects that are reflected by an 

enhancement of a thermally-driven reaction, e.g. improvement of the product yield [5] or a 

reduction of activation energy [6]. The plasma-catalysis synergy effect is thought to result from 

three aspects: (i) Plasma-produced reactive species are transported to the catalyst surface and 

enhance the surface reaction rates [71]; (ii) High-energy plasma-produced species activate stable 

reactants, e.g. dehydrogenation of CH4 to CHn takes place, and the more reactive species  interact 

with the catalyst surface with a lower energy barrier [6]; (iii) Plasma directly induces reactions in 

the plasma gas phase [111]. In addition, plasma can modify the catalyst surface, e.g., change the 

surface composition and morphology [74, 131, 132], which may be responsible for plasma-

catalyst synergy. The reactive plasma-produced species are found to inhibit inert adsorbates on 

surface, such as coke formation in CH4 reforming [133] and N atoms in ammonia synthesis 

[134], hence active catalyst sites can be exposed to the reactants and sustain the reactions. The 

plasma can also modify catalysts by altering their electronic properties [135], selectively doping 

atoms or modifying the bandgap of the catalyst [2]. These plasma-induced modifications might 

lead to a change of the overall catalytic performance. Nevertheless, due to the lack of enough 

fundamental research on plasma-catalyst interactions, the nature of the catalyst modifications, 
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and how such modifications may be related to plasma-catalyst synergy or coupling remain 

unknown [4]. 

In this work, we investigated CH4/O2/Ar APPJ-assisted CH4 oxidation over a nickel 

catalyst on SiO2/Al2O3 support. The catalyst was observed to be activated when the plasma 

source was operated using relatively large power levels. The catalyst characterization data 

obtained here indicate that this catalyst activation may be related to the reduction of the catalyst 

by plasma-produced species. We also observed a systematic shift of CO vibrational frequency 

with plasma operating conditions and catalyst temperature. These observations may provide a 

new perspective for understanding the mechanism of plasma catalysis for the current system and 

which processes may be responsible for observed plasma-catalysis synergy. 

3.2 Experimental Setup and Catalyst Material 

The experimental setup is illustrated in figure 3.1. The APPJ was integrated in a reactor 

that enables real-time gas phase and operando surface characterizations. This setup has been 

developed in the past few years and a detailed description of the setup can be found in references 

[11, 12].  

3.2.1 Plasma Source and Catalyst 

The plasma source used in this work was a RF plasma jet driven at 14.3 MHz, with 20 

kHz modulation and a 20% on and 80% off duty cycle to dissipate heat. A high voltage tungsten 

pin was placed in the center of a dielectric quartz tube with a grounded ring electrode attached at 

the end of it. Upon ignition, the plasma was generated at the tip of the tungsten pin and the 

plasma-produced species were transported to the catalyst bed where the plasma-catalyst 

interaction took place. The plasma feed gas used in this study was 2 sccm CH4 and 1 sccm O2 

carried by 200 sccm Ar, while 400 sccm Ar was flown to the reactor chamber and downstream of 
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the plasma to dissipate heat and keep the gas residence time consistent with prior work [11, 12]. 

In previous work, we studied O2/Ar plasma, while CH4/Ar was flown downstream of the plasma 

into the chamber and interacted with the plasma-produced species on the catalyst surface. The 

catalyst material was an unreduced nickel powder catalyst supported by Al2O3 (13 wt%) and 

SiO2 (12 wt%). More information about the plasma jet and catalyst material used here can be 

found in [11, 12]. 

3.2.2 Gas Phase and Surface Characterizations 

The FTIR-based experimental platform is described in figure 3.1. The APPJ was fixed on 

one of the three viewports with a ceramic feedthrough to the reactor, and the orifice-to-catalyst 

bed distance was fixed at 5 mm. The effect of the plasma-to-catalyst distance is not the focus of 

this work and will not be discussed further. Note that the orifice-to-catalyst distance will affect 

the particle fluxes incident on the catalyst since plasma-generated species decay in the afterglow. 

This effect has been seen in prior work where the plasma-catalyst interaction was affected by 

orifice-to-catalyst distance [11, 12].  

The gas species produced by the plasma catalysis reactions flowed into a home-made gas 

detection cell with a length of 15 cm, where the real-time gas phase measurement was performed 

by FTIR. The quantification of gas phase species was performed using Beer’s law by converting 

IR absorbance obtained from the FTIR measurement to number density (number/cm3).  

Operando surface characterization was performed by DRIFTS. Incident IR light went 

through the KBr windows on the reactor and was scattered at the catalyst surface and reflected to 

the detector, enabling to collect information from surface species. The density of surface species 

is qualitatively related to the IR absorbance acquired by DRIFTS [94]. Although we did not 

attempt to quantify the densities of surface species from DRIFTS data (see [94]), just the 
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qualitative analysis of surface species provides valuable information on plasma-catalyst 

interactions. Complementary gas phase and surface characterizations are described in detail in 

[11, 12]. 

Before each experiment, the gas lines were evacuated to a pressure below 10-5 torr. The 

reactor and gas detection cell were purged by Ar flow to minimize the effect of impurities in the 

ambient environment, such as CO2 and water vapor. For some experiments the catalyst bed was 

heated to 500 oC at a heating rate of 10 oC/min. Gas phase and surface characterizations were 

performed under application of plasma operated different power levels. To investigate the effect 

of catalyst activation by plasma, different experimental process sequences were applied, and 

these are described in detail in section 3.2. 

 
Figure 3.1. Schematic setup of the FTIR-based experimental platform integrated with the APPJ 

[11, 12]. 
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3.3 Results and Discussion 

3.3.1 Comparison of Product Evolution When CH4 Flowed through the 

Plasma as Compared to Downstream of APPJ 

In previous work, CH4 was injected downstream of the APPJ [11, 12] rather than directly 

being admitted to the plasma jet. Hence, entrainment of CH4 into the ionized plasma plume, 

where interaction with high-energy electrons was possible, was required to break C-H bonds. For 

that gas flow configuration, the methane-plasma coupling was not efficient since most CH4 

diffused to the plasma effluent afterglow, where the high-energy electrons were depleted rapidly 

according to the non-Maxwellian properties of electron energy distribution function (EEDF) 

[136]. The limited CH4-plasma plume interaction was especially pronounced when small plasma 

power levels were used and the plume was shorter in length. By flowing CH4 directly through 

the ionized plasma, strong CH4 and plasma coupling took place and the CH4 conversion rate was 

strongly enhanced. This is shown in figure 3.2 for catalyst temperatures of 25 oC or 500 oC. 

Electron-impact dissociation of CH4 to CHn or vibrational excitation of CH4 in the plasma region 

[111, 137] was prominent in this work, while the CH4 activation by other species, e.g. atomic O 

and singlet O2, is negligible [138]. At 500 oC, the CH4 conversion is higher than at 25 oC, which 

can be explained by the plasma-catalyst synergy effect at elevated catalyst temperature [11]. 

Note that the thermally driven CH4 conversion was negligible when compared to plasma-induced 

CH4 oxidation for conditions where the CH4 was directly flown through the plasma zone. The 

CO production is lower while the CO2 yield is higher at 500 oC than at 25 oC. This is because CO 

is converted to CO2 at elevated catalyst temperature, as we have found in previous experiments. 
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Figure 3.2. Comparison of CH4 conversion between flowing CH4 directly through the plasma jet 

and downstream of the plasma jet at a catalyst temperature of 25 oC (a) and 500 oC (b). 

3.3.2 Activation of Catalyst by APPJ 

3.3.2.1 Comparison of APPJ with Small and Large Powers 

The real-time downstream gas phase and surface measurements of the nickel catalyst at 

500 oC exposed to the APPJ with large and small dissipated powers revealed different results, as 

shown in figure 3.3. With 4 W plasma power, the CH4 conversion was more intense than the one 

with 1 W plasma power. The surface CO and CHn were barely discernable from DRIFTS 

measurements in the case of 1 W plasma power. In contrast, large IR absorption due to surface 

CO and CHn was observed using 4 W plasma power. The surface CHn coverage was stable 

across different experiments, independent of plasma exposure time, whereas the surface CO 

coverage consistently increased. The oxidation of surface CHn to surface CO likely accounts for 

the different behaviors of surface CO and CHn. If the dehydrogenation of CH4 to CHn and the 

oxidation of surface CHn to surface CO and other gas species is balanced, this can give rise to a 

stable surface CHn coverage and consistent increase of surface CO, depending on the lifetime of 
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CO on the surface. Note that at the beginning of plasma applications, the densities of consumed 

CH4 and produced CO2 gas and the abundance of surface CHn rapidly increased and then 

gradually decayed until steady state was achieved, whereas the CO gas and surface CO did not 

show such a declining trend. We repeated these experiments multiple times and the response to 

plasma ignition was consistent. The differences in the evolution of the signals of different 

species might imply that they participate in different reaction pathways, and more work is 

required to clarify the mechanistic origin of this difference.  

 
Figure 3.3. Comparison of CH4 conversion by the APPJ using small power (1 W, figure a) and 

large power (4 W, figure b) levels at a catalyst temperature of 500 oC. The gas phase results are 

shown in the top graphs and the DRIFTS results are shown in the bottom graphs. The plasma 

treatment was applied three times to check repeatability. 
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Another discrepancy between using 1 W and 4 W plasma jet was the thermal catalytic 

reaction process after plasma exposure. Figure 3.3a shows that the thermal reaction after shutting 

off the 1 W plasma was similar to the initial thermal reaction, i.e., CH4 was oxidized to CO2 

without the generation of gas phase CO. The thermal reaction after exposure of the nickel 

catalyst to the 4 W plasma showed important differences. First, the consumption of CH4 and 

production of CO2 gases were enhanced compared to the thermal reaction before the onset of 

plasma. Second, gas phase CO continued to be generated after the plasma had been extinguished. 

This indicates that the nickel catalyst was “activated” by exposure to the effluent of the APPJ 

operated at 4 W power. Prior to this, we did not observe CO generation using our nickel catalyst 

at 500 oC without plasma operation [11, 12]. Hu et al. [87, 117, 118] compared the unreduced 

and reduced nickel catalyst for thermally driven CH4 oxidation and found that the CH4 gas 

underwent complete oxidization by surface-adsorbed oxygen to produce CO2 only using 

unreduced nickel catalyst at 500 oC. However, using pre-reduced nickel catalyst, CO gas was 

generated along with CO2 at a catalyst temperature of 500 oC. Song et. al. [74] investigated the 

partial oxidation of CH4 over a dielectric barrier discharge plasma and NiO catalyst and found 

that the NiO could be reduced to Ni. Dissanayake et al. [82] also did not detect CO formation 

using unreduced nickel catalyst at 500 oC, whereas after heating the catalyst to 750 oC, CO 

formation drastically increased. They used x-ray photoemission spectroscopy (XPS) to analyze 

the catalyst and found that the unreduced Ni interacted with the Al2O3 support at 750 oC which 

led to the formation of reduced Ni catalyst that catalyzed the partial oxidation of CH4 to CO. 

Inelastic neutron scattering experiments performed by Barboun et. al. revealed that surface-

adsorbed reactive N species produced in the plasma can further react with other gas phase 

species to enhance their dissociation and thermal reactions subsequently [139]. It is possible that 
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a similar mechanism would apply to CHn species in our case. Based on the comparison with the 

literature insights, the “catalyst activation” observed in our experiments may possibly be 

attributed to one or more of three mechanisms: (i) The reduction of catalyst through the 

interaction with CH4 or CO [74, 131]. (ii) The plasma may heat the nickel catalyst to a 

temperature above 750 oC, which would promote the formation of reduced Ni by the interaction 

between unreduced Ni and Al2O3 support. (iii) The reactive surface CHn species could lower the 

activation energy, and thus keep the catalyst active and promote formation of CO gas. 

Among these potential mechanisms, heating of the catalyst to a temperature of 750 oC or 

higher does not seem feasible. The gas temperature of a similar plasma jet fed with air and Ar 

was measured to be less than 120 oC [92]. We also measured the catalyst temperature increase 

due to heating by the APPJ effluent at the largest power level (~4 W) when at room temperature 

and found that this was only 15 oC, far less than the required 750 oC. This temperature increase 

became negligible when the catalyst was heated to 500 oC. 

3.3.2.2 Investigation of the catalyst activation. 

A higher oxygen flow rate to the APPJ can remove surface-adsorbed species [12] and 

even etch the polystyrene polymer thin films due to its high reactivity induced by the reactive 

species [30, 140]. To assess the importance of CHn in the observed catalyst activation, O2/Ar 

APPJ was applied to remove the surface CHn and the thermal catalytic reaction was evaluated 

immediately after. The time-dependent DRIFTS spectra of surface CHn and CO are displayed in 

three-dimensional waterfall graphs in figure 3.4a and b. As the 4 W CH4/O2/Ar plasma was 

ignited, the surface CHn and CO absorption bands emerged. The CH4 flow was then turned off 

and the O2 flow was increased to 3 sccm, which enhanced the reactivity of the O2/Ar APPJ. 

When the O2/Ar plasma was ignited, the surface CHn and CO were gradually removed. The 
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surface CHn was almost depleted while surface CO was still present at a low coverage after the 

treatment of O2/Ar plasma. After the surface cleaning process, CH4 with 1 sccm O2 was 

reintroduced.  

The evolution of the surface species located at 1900-1000 cm-1 is also provided in figure 

3.4c. During the ignition of CH4/O2/Ar plasma, absorption bands at 1590 cm-1 (carboxylate [96, 

101]), 1420 cm-1 (C-O-H group [141] or CH2 [142]), and 1280 cm-1 (carbonate [102]) emerged, 

as the reaction took place. Upon the ignition of O2/Ar plasma, the 1590 cm-1 and 1420 cm-1 

bands decreased and the 1280 cm-1 band did not show obvious changes due to exposure to the 

O2/Ar plasma. The unambiguous assignment of the IR absorption bands in 1900-1000 cm-1 is 

difficult and requires secondary experimental verification, and the detailed discussion of the 

species in this region is not the focus of this work. 
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Figure 3.4. The time-dependent waterfall graphs of surface CHn (a), surface CO (b) and the 

species located at 1900-1000 cm-1 (c) are shown to illustrate the response to the application of 

O2/Ar plasma. The catalyst was initially activated by 4 W CH4/O2/Ar plasma at 500 oC.  

Following the same procedure, we performed downstream gas phase measurements to 

evaluate the thermal catalytic reactions after the exposure to O2/Ar plasma and analyzed the gas 

phase and surface measurements together to evaluate the time dependence of these processes. As 

shown in figure 3.5a, after the removal of surface CHn by O2/Ar plasma, catalyst activation no 
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longer existed. This is demonstrated by the low thermal reaction intensity and the fact that gas 

phase CO production is negligible compared to the enhanced formation rate seen for the purely 

thermal process after exposure to a high power Ar/CH4/O2 plasma. This observation seems 

consistent with the hypothesis that the surface CHn is responsible for the catalyst activation. 

Alternatively, since flowing O2 gas and exposure of the Ni catalyst to O2/Ar plasma causes 

oxidation of the nickel even at room temperature, judging from experiments where Ni had been 

treated with O2 gas flow [143, 144]. Hence, we cannot rule out the possibility that Ni catalyst 

activation was caused by reduction of the Ni catalyst. 

 
Figure 3.5. Time-dependent downstream gas phase (a) and surface DRIFTS measurements (b) of 

CH4 conversion as catalyst was deactivated by O2/Ar plasma at 500 oC.   
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Turning off CH4 flow and only flowing O2 with Ar cannot remove the surface CHn or 

CO, as illustrated in figures 3.4 and 3.5, where the absorption due to surface CO and CHn did not 

change significantly after the CH4 flow was shut off. In order to evaluate if the catalyst activation 

was due to the reduction of catalyst by interaction with plasma-produced species, e.g. 

vibrationally excited CH4, CHn or CO species, rather than using O2/Ar plasma to remove surface 

species, we performed a test in which we only turned off the CH4 flow and continued the O2 flow 

to evaluate whether this could oxidize the reduced catalyst if there was any. The results of 

shutting the CH4 flow are shown in figure 3.6. In figure 3.6a, after shutting off the CH4 flow and 

exposing the catalyst to the O2 flux for around 20 min, the once-activated catalyst was 

deactivated by the continued O2 flow. This is indicated by the weak thermal reaction which also 

did not yield of CO after reintroduction of the CH4 flow. Since the surface CHn and CO species 

were still present on the catalyst surface as the exposure to the O2/Ar gas mixture flow took 

place, the deactivation of catalyst was likely due to the oxidation of the previously plasma-

reduced nickel catalyst by the O2 gas at elevated catalyst temperature.  

We also exposed the catalyst to O2 flux for a shorter time and expected that the activated 

catalyst should not be completely deactivated since not all the reduced Ni can be re-oxidized in a 

short time period under an O2 flow. In figure 3.6b the following sequence is shown: After the 

catalyst was activated by plasma initially, we shut off the CH4 flow and then exposed the catalyst 

to O2/Ar flow for 3 minutes. The active catalyst was not completely deactivated during the short 

period of O2 gas exposure, as indicated by the still-enhanced thermal reaction and the production 

of CO gas after reintroduction of the CH4 flow. The finding that different results are seen when 

exposing the active catalyst to the O2/Ar flow for different periods indicates that the reduction of 

nickel oxide to reduced Ni catalyst may be the reason for the thermal reaction enhancement and 



 

67 
 

the production of CO gas without the application of plasma. This still requires direct 

confirmation, i.e. by confirming the reduction of the nickel catalyst by plasma operated at large 

power.  

 
Figure 3.6. Downstream gas phase measurements showing the influence of shutting off the CH4 

flow for different periods on the magnitude of the thermally driven CH4 conversion at a catalyst 

temperature of 500 oC. The activated catalyst was either exposed to O2/Ar gas mixture for a long 

(~20 min, figure (a)) or a short (~3 min, figure (b)) period, respectively. The significant 

difference here is not only that the CH4 flow is off for a longer time, but that the reduced catalyst 

is exposed to the oxidizing flux for a much longer time.  
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Figure 3.7 summarizes data measured for the CH4, CO and CO2 species density changes 

as a result of thermally activated reactions of the Ni catalyst for different conditions. The mild 

thermal reaction before plasma exposure (labeled as 1) contrasted with the thermal reaction with 

catalyst activated by plasma (labeled as 2). More CH4 reduction and CO2 yield were measured 

for the latter, and CO generation was also observed. The identical results of the application of 

O2/Ar plasma (labeled as 3), which additionally removed the surface CHn and CO species, and 

just exposing the catalyst to O2 flux (labeled as 4) implied that catalyst activation may not be due 

to the presence of reactive CHn species on the catalyst surface. The catalyst activation was 

partially degraded when the activated catalyst was exposed to O2 flow for a short time (~3 min, 

labeled as 5). This supports the hypothesis that the catalyst activation by APPJ is related to the 

reduction of the nickel catalyst, and such activation can be reversed by exposing the reduced 

catalyst to an oxidizing flux. 

 
Figure 3.7. Comparison of thermal reactions under different conditions. 1- pure thermal reaction 

without plasma activation; 2- after plasma activation using 4 W CH4/O2/Ar plasma; 3- after 
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deactivation of the Ni surface by O2/Ar plasma; 4- after deactivation by O2 gas exposure for 20 

min; 5- after partial deactivation by O2 gas exposure for 3 min. 

The reaction enhancement by plasma modification of a catalyst surface seen here may be 

related to efforts where plasma is used to prepare thermal catalyst materials [4]. In the past, 

researchers mainly attributed the enhancement of the catalysis reaction by plasma to directly 

induced reactions in the plasma phase [145], enhanced surface reactions from incident plasma 

generated fluxes that includes reactive species like neutrals, photons, electrons and ions and that 

can act alone or in concert [127, 146], or the increase of catalyst temperature due to the 

absorption of plasma-generated heat [74]. This work provides a new perspective for reaction 

enhancement, where the plasma improves the efficacy of the catalyst by plasma-induced 

activation, which will not take place for conventional thermally driven reactions unless much 

higher operating temperatures are used. This observation indicates that the mechanisms and 

potential benefits of plasma catalysis are widespread and may have broad applications. 

3.3.3 Shifts of surface CO vibrational frequency 

The vibrational frequency of surface CO from the DRIFTS measurement has a frequency 

of around 2190 cm-1. The frequency of gas phase CO in our experiments has a vibrational 

frequency of 2143 cm-1 as measured by FTIR [11, 12], in agreement with other work [68, 147]. 

Surface CO gives therefore rise to a blue shift of around 50 cm-1. In addition, a systematic 

vibrational frequency shift of surface CO was observed in response to changes in plasma 

operation and catalyst temperature (figure 3.8 and 3.9). We believe that the analysis of the 

observed CO frequency shifts by atomistic calculations may offer valuable mechanistic insights 

on plasma-catalyst interactions. 
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3.3.3.1 Effect of Plasma on CO Vibrational Frequency 

Figure 3.8a shows the surface CO spectra evolution in the catalyst activation experiments 

of figure 3.3. The surface CO absorbance increased with time and was explained by the 

oxidation of surface CHn, as described in 3.2.1. The surface CO has an IR absorption band 

centered at 2185 cm-1 when the plasma was on. The band immediately shifted to 2189 cm-1 once 

the plasma was extinguished. Figure 3.8b is the time-dependent surface CO spectra of the 

experiments using O2/Ar plasma to remove the surface CHn and deactivate the catalyst. In figure 

3.8b, the surface CO absorption band was located at 2185 cm-1 during the initial exposure to 

CH4/O2/Ar plasma. When the plasma was turned off, the frequency shifted to 2189 cm-1, in 

agreement with the observation shown in figure 3.8a. With the ignition of O2/Ar plasma, the IR 

band shifted back to 2185 cm-1 while surface CO was removed gradually. Once the plasma was 

turned off, the CO IR band shifted to 2188 cm-1 again. These kinds of CO vibrational frequency 

shifts while fairly small, were consistently observed in repeated experiments and are 

reproducible.  
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Figure 3.8. The effect of CH4/O2/Ar plasma (a) and O2/Ar plasma (b) on surface CO IR spectra. 

The catalyst temperature is 500 oC. 

3.3.3.2 Effect of Catalyst Temperature on CO Vibrational Frequency 

We performed a temperature-programmed experiment to investigate the effect of catalyst 

temperature on surface CO vibrational frequency. The catalyst was heated from 100 oC to 500 oC 

at a rate of 10 oC/min. The time-dependent graph of the CO spectra is shown in figure 3.9. 

Heating the catalyst caused a red shift of CO vibrational frequency from 2192 cm-1 at a catalyst 

temperature of 100 oC to 2185 cm-1 when heated to 500 oC. The surface CO coverage also 

increased with temperature, which was likely due to the oxidation of surface CHn, as illustrated 

in figure 3.10. 
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Figure 3.9. The effect of catalyst temperature on the IR frequency of surface CO while being 

exposed to the fluxes from a 4 W CH4/O2/Ar plasma. The catalyst was heated from 100 oC to 

500 oC at a rate of 10 oC/min 

3.3.3.3 Possible Explanations of Surface CO Vibrational Frequency Shift 

The literature indicates that the IR vibrational frequency of CO can be influenced by 

three major effects: mechanical renormalization, vibrational coupling, and electrostatic or 

chemical effect of the substrate [113]. The mechanical renormalization, also called wall effect, 

can account for the ~50 cm-1 blue shift of surface CO relative to gas phase CO [113, 148]. The 

change of the CO vibrational frequency arises from the repulsion of the surface CO stretch when 

adhered to a rigid substrate like nickel [148]. 

The electrostatic and chemical effect involves the charge transfer between the substrate 

material and the CO species [113]. By means of semi-empirical calculations, Politzer et al. [112] 

concluded that the C-O bond frequency was sensitive to the σ and π electronic charge transfer 

upon the formation of Ni-CO structure. The σ electrons from CO can transfer to the nickel 

surface, giving rise to a blue shift of CO bond, while the electron back-donation from the nickel 

surface to the antibonding 2π* orbital in CO decreases the CO vibrational frequency. A substrate 

surface with more electron acceptors or electronegative elements, e.g. oxygen, decreases the 



 

73 
 

electron back-donation to the CO, and results in a blue shift [116]. In contrast, a surface with 

higher electron density can enhance the electron back-donation [149]. As shown in figure 3.8, 

both CH4/O2/Ar plasma and O2/Ar plasma induce the same 4 cm-1 red shift compared to a non-

plasma condition at a catalyst temperature of 500 oC. These observations indicate that the 

frequency shift caused by the plasma is related to the intrinsic properties of APPJ that do not 

vary too much when different plasma feed gas combinations are used. By using Thomson 

scattering, Gessel et. al. [93] measured the electron density for an identical Ar plasma jet for 

different gas mixtures and found that the electron density did not vary too much. Electrons 

produced in the plasma jet can be deposited on the catalyst surface, and consequently enhance 

the electron back-donation to the 2π* antibonding orbital in surface CO, resulting in a red shift of 

the same scale. The fact that high-energy electrons decay rapidly in the far plasma effluent 

afterglow [150] makes the CO frequency a mild shift (4 cm-1). Moreover, the electric field 

change on the catalyst surface induced by the plasma application can potentially shift the CO 

frequency, and such shifts may be related to the electric field strength [113, 151, 152]. The 

evaluation of the influence of plasma-induced electric field on the CO frequency requires the 

measurements and relative modeling of the electric field, which is out of the scope of this work. 

Figure 3.9 shows that as the catalyst temperatures was raised, the CO coverage also 

increased. The increase of surface CO may be due to the oxidation of surface CHn, as shown in 

figure 3.10. With the increase of catalyst temperature, the surface CHn started to decrease at 

around 300 oC, and the surface CO started to increase simultaneously. According to [113], the 

surface coverage increases the surface CO frequency due to the enhancement of intermolecular 

dipole-dipole coupling and intermolecular repulsion with surface species occupation, which is 

contrary to our results. The CO frequency can increase by 40 cm-1 when the coverage increases 
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from 0 to 0.5 [153]. However, the increase of surface CO coverage in figure 3.8a does not 

indicate an influence on CO frequency. The CO frequency shift observed in our experiments 

likely does not result from the change of surface CO coverage. According to [113, 154], as the 

substrate temperature increases, surface CO can diffuse from the ordered phase (island) to the 

disordered structure where the intermolecular distance is larger. This can explain the reduction of 

through-space intermolecular dipole coupling and results in a small blue shift. Another 

possibility is the uptake of surface oxygen through the reaction with CH4, CHn or CO. The lower 

oxygen content on the surface can stimulate electron back-donation and results in a red shift of 

CO vibrational frequency [116, 155]. 

 
Figure 3.10. Temperature-dependent evolution of surface CHn (a) and CO (b) with the 

application of 4 W CH4/O2/Ar plasma. The catalyst was heated from 100 oC to 500 oC at a rate of 

10 oC/min. 
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We have provided several possible explanations for the observed CO vibrational frequency 

shift based on the study of the literature and our understanding of the CO-nickel catalyst 

structure. Other considerations can also cause the shift of CO vibrational frequency, e.g., image 

dipole [113], the interaction with other surface species [155], etc. Our measurements are 

insufficient to allow a clear-cut determination of the reasons for the CO frequency shift. 

Nevertheless, our observations suggest a new methodology to study plasma-catalyst interactions 

through the changes of surface CO vibrational frequency for different plasma-catalyst operating 

and interaction conditions, and combining these with atomistic simulations. Extra efforts, such as 

expanding the experimental parameters, computational modeling, or modifying the 

intermolecular or surface species-catalyst vibrational coupling by isotopic exchange [156], may 

be helpful in  understanding the mechanistic origin of the observed CO vibrational frequency 

shifts and how these may be related to plasma-catalyst interactions. 

3.4 Conclusions 

In this work, FTIR was applied to investigate the APPJ-enhanced CH4 oxidation over a 

SiO2/Al2O3 supported nickel catalyst. We compared two plasma feed gas configurations and 

found that directly flowing CH4 through the plasma source was much more efficient in terms of 

CH4 conversion than injecting CH4 downstream of the plasma and interacting it with the effluent 

of Ar/O2 fed to the plasma source. By exposing the Ni catalyst to plasma fluxes created at higher 

power levels, catalyst activation was observed. Here catalyst activation signifies a thermal 

reaction after plasma exposure of the catalyst that became more intense as compared to before 

plasma exposure, and additionally for which CO production at 500°C was consistently observed, 

whereas CO production was absent for a purely thermally driven reaction at 500 °C for a Ni 

catalyst without prior plasma treatment. By application of O2/Ar plasma or by just exposing an 
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activated catalyst to a flowing O2/Ar gas mixture for an extended time, deactivation of the 

activated catalyst took place. The exposure of the activated Ni catalyst surface to O2/Ar gas did 

not remove the surface CHn, but can oxidize the reduced nickel catalyst. This suggests that 

catalyst activation is likely not due to reactive surface CHn for the conditions studied here, but 

may be related to the reduction of nickel catalyst. However, at this time we have no direct 

spectroscopic evidence in support of this statement. DRIFTS measurements of surface CO 

species revealed a consistent shift of the CO IR vibrational frequency that could be induced by 

plasma operation, and systematic shifts were also seen when the catalyst temperature was varied. 

The atomistic interpretation of these observations may be a promising approach to gain new 

perspectives on plasma-catalyst interactions by using surface species as a local probe and 

interpreting the spectroscopic information in terms of physical models. 
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Abstract 

Patterning of ruthenium (Ru) in the microelectronics industry has become important 

because of novel Ru applications, including back-end-of-line metallization. Selective etching of 

Ru over Ta is also essential, e.g., for the repair of extreme ultraviolet (EUV) photomasks. One of 

the challenges is to reduce near-surface damage and mixing during processing, which is often 

generated by ion bombardment. In this work, we investigated etching of Ru and Ta by exposure 

to electron beam (EB) irradiation and reactive neutral fluxes produced by a remote Ar/O2 plasma 

source (RPS). A synergistic effect is seen for Ru etching for simultaneous EB and RP exposure 

as compared to isolated EB using the non-excited feed gas mixture or RP exposure. The RP 

exposure functionalizes the Ru surface by oxidizing the Ru to non-volatile RuO2, and the 

electron flux can further oxidize the functionalized surface to volatile RuO4 resulting in Ru 

etching. The Ru etch rate (ER) shows strong dependence on O2 flow and EB emission current 

(EC), which are related to O neutral and electron fluxes, respectively. The effect of increasing O 

species density by adding a small amount of CF4 to the Ar/O2 as feed gas for RPS does not 

directly result in Ru ER improvement. This is likely due to the formation of non-volatile Ru 

oxyfluoride, which cannot be removed by the electron flux for Ar/O2/CF4 gas mixtures. 

Following Ar/O2/CF4 remote plasma exposure, the Ru etching with Ar/O2 is subsequently 

enhanced for some time once the CF4 flow is stopped. This effect is likely caused by the 

passivation of reactor walls by the RP-generated FC species. The surface passivation reduces the 

recombination of reactive oxygen species on the reactor walls and allows for more oxygen 

species to be transported to the Ru surface, leading to a higher ER. Exposure of Ta to EB and 

Ar/O2 RPS generated fluxes induces oxidation of Ta to non-volatile Ta oxide, which increases in 

thickness. The Ta oxidation rate decreases as the Ta oxide thickness grows. With the addition of 
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CF4, RP only exposure induces Ta etching by formation of volatile Ta fluoride, whereas with EB 

irradiation, Ta oxide forms. Utilizing the passivation effect induced by CF4 addition and the 

differing responses of Ru and Ta to EB irradiation, we developed a process which realized 

selective removal of Ru over Ta. Surface chemistry and thickness measurements by spatially-

resolved X-ray photoelectron spectroscopy (XPS) and ellipsometry suggest that the EB induced 

materials modification likely arises from the promotion of surface oxidation. 
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4.1 Introduction 

Refractory metals are important for the semiconductor industry because of a number of 

applications [157-159]. Ruthenium has high conductivity and low electromigration at tight pitch 

sizes [160, 161] and is considered to be the next-generation interconnect material that will 

potentially supplant Cu [43, 162]. Ru can be used as the diffusion barrier due to its resistance to 

corrosion [163]. Ru is also applied as the capping layer for extreme ultraviolet (EUV) due to its 

high transmissivity for EUV light at 13.5 nm wavelength and resistance to corrosive 

environments [164-167]. Tantalum, has also attracted significant interest in recent years as a 

promising material for applications in microelectronics [44, 45], superconductor [46], and 

semiconductor industry [44, 47], etc. Ta-based materials are used for the anti-reflective coating 

(ARC) and EUV absorber for EUV photomasks to enable precise patterning of the targeted 

materials [48, 49], which is vital for the scaling down of semiconductor device size. EUV 

photomask repair requires extremely precise and damage-free cleaning of the Ru capping layer, 

while minimizing the thickness reduction of the Ta-based EUV absorber layer [50, 51]. All of 

these applications indicate that the precise, directional, and selective etching of Ru is important.  

Dry etching of Ru by O2 plasma is achieved using the formation of volatile RuO3 and 

RuO4 species [54, 55, 168, 169]. The etching of non-volatile RuO2 is similar to that of Ru [170]. 

It has been found that the Ru or RuO2 etch rate (ER) can be improved by adding a small amount 

of fluorocarbon (FC) [56], hydrofluorocarbon (HFC) [57], nitrogen [54], hydrocarbon [58], or 

halogen gases like Cl2 [54, 55] to the oxygen flow. Pan and Desu [57] found that the highest Ru 

ER in their reactive-ion etching (RIE) system was achieved by adding 2.5% CF3CFH2 to the O2 

gas. They suggested that interaction of Ru with reactive O radicals is the dominant etching 

reaction, and forms volatile RuO4. The role of surface adsorbed F has been suggested to be a 
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reduction of the activation energy for desorption of modified surface Ru, thus promoting the 

etching. Using an inductively coupled plasma (ICP) system fed with O2, Lim, et al. [56] found 

that adding 10% CF4 to the feed gas can enhance the Ru ER. However, adding up to 20% CF4 to 

O2 reduced the ER due to the formation of a non-volatile RuF3-4 compound, which served as an 

inhibiting layer on the surface. Lee, et al. [54] studied the density distribution of reactive O and F 

from an electron cyclotron resonance plasma with CF4 and O2 as the feed gas, and found that the 

highest RuO2 ER is achieved with 10% CF4 and the ER is correlated to O density. They 

concluded that the CF4 does not directly participate in the RuO2 etching, but alters the 

dissociation of the O2 [59], which subsequently changes the ER.  

The aforementioned direct etching of Ru is induced by plasma with ion bombardment. 

Energetic ions with large kinetic energy incident on the Ru surface will generate surface damage. 

Paolillo, et al. studied the Ru roughness after patterning with an ICP plasma using O2/Cl2 and 

found higher roughness of the etched Ru surface compared to the non- etched surface [60]. Other 

damage induced by ion bombardment includes atomic displacements, ion implantation, etc., 

which have also been reported [35, 42]. As Ru could potentially replace damascene Cu as the 

interconnect material at the tightest pitch, even minimal surface damage can be detrimental to the 

overall performance. Besides, the use of Ru as a capping layer for EUV photomasks has near-

zero tolerance for surface damage [171]. A damage-free direct etching mechanism of Ru is 

appealing and essential. Electron beam (EB)-induced etching is a potential alternative to ion-

based etching in terms of surface damage control, since electrons have a much lower mass than 

ions [10]. However, due to the lack of plasma activation of the precursor gases, EB-induced 

materials etching relies on the self-adsorption properties of the precursor gas at the substrate 

surface, followed by inducing reaction and desorption. This restricts applications of EB induced 
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etching [28]. Lin et al. developed a novel approach of integrating an EB source with a remote 

plasma (RP) source to produce simultaneous energetic electron and reactive species exposure of 

a substrate that results in controllable materials etching [172]. The RP source activates the 

precursors and produces radicals. The remote nature of the source eliminates ions and surface 

damage induced by ion bombardment can be avoided. Electron beam irradiation of the RP- 

modified surface initiates etching. By optimizing the reactive species flux composition and EB 

parameters, tuning of etching selectivity among Si3N4, poly-Si and SiO2 was demonstrated [66].  

In this work, we investigated the effects of EB and RP irradiation on two refractory 

metals, Ru and Ta. Ru etching using Ar/O2 as feed gas was initially investigated. The gas flow 

composition and the electron beam current properties were varied to understand their effects on 

Ru and Ta etching. We found that the EB irradiation induces etching on Ru while promoting 

oxidation on Ta. The effect of CF4 addition was also studied. CF4 addition improves Ta etching 

due to the formation of Ta fluoride. The presence of CF4 related species do not directly improve 

the Ru ER, likely due to formation of non-volatile Ru oxyfluoride. The FC species generated by 

RP can passivate the walls of the chamber and improve the transport efficiency of oxygen 

radicals from the RPS to the substrate surface. The increased reactive species flux improves the 

Ru ER during subsequent exposure to fluxes produced by the RPS fed with Ar/O2. Surface 

chemistry and morphology characterizations by X-ray photoelectron spectroscopy (XPS) and 

ellipsometry were performed. The results reveal details on the possible interaction mechanism of 

the EB with the surface. We also exemplified the chamber passivation induced by CF4 addition 

by demonstrating the selective removal of Ru over Ta by a cyclic processing involving etching 

and passivation steps.  
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4.2 Experiment 

4.2.1 Reactor Chamber, EB Flood Gun and RP Source 

Experiments were performed in a vacuum chamber with an electron flood gun mounted 

on the top and an electron cyclotron resonance (ECWR) remote plasma source located on the 

side (see figure 4.1a) [66, 172]. In this system, Ru samples are placed on top of a cooled 

substrate holder and the temperature is maintained at 10 °C by circulating cooling water through 

the chuck system. The electron flood gun (EGA-1012) is manufactured by Kimball Physics, Inc. 

The base pressure of the chamber is maintained at 1*10-7 Torr and goes up to 1.8*10-3 Torr with 

15 sccm gas injected. Since the flood gun is equipped with an yttria-coated iridium cathode, 

which has to operate at a pressure better than 1*10-4 Torr, a differential pumping unit with a 

pressure-limiting aperture has been integrated to maintain the ambient pressure of electron flood 

gun at 10-6 Torr during operation. The beam current incident on the sample was measured by a 

Faraday cup to be ~60% of the emission current (EC). For an EC of 0.5 mA and an electron 

energy of 1 keV, the landing spot of the electrons on the sample has a diameter of ~5.5 mm, 

giving a current density of ~1.25 mA/cm-2. The electron energy used for this work was 1 keV. 

The ECWR RP source (COPRA DN160) operates at a radiofrequency (RF) of 13.56 

MHz and a static magnetic field strength of 18 G. 10 sccm Ar and 5 sccm O2 are injected into the 

RPS which activates the gases and generates reactive species. For experiments with CF4, Ar is 

kept at 10 sccm, the total flow of O2 and CF4 is kept at 5 sccm, and the individual O2 and CF4 

flows are varied so that O2-rich or CF4-rich conditions can be studied. A neutralization plate is 

placed next to the RP to eliminate the ions so that only reactive neutral species can diffuse to and 

interact with the sample. Other information related to the experimental setup can be found in [66, 

172-174]. 
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During the experiment, the Ru or Ta samples were exposed to either concurrent or 

separate EB and RP exposures with Ar/O2 or Ar/O2/CF4 as the RPS feed gas. Parametric 

dependence of Ru ER on O2 gas and EC, which is related to the O neutral and electron flux, was 

studied. The effects of the EB and RP with various parameters on Ru and Ta are analyzed herein. 

4.2.2 Materials 

The Ru samples used in this work were manufactured by magnetron sputtering. The 

sample configuration consisted of a ~15 nm Ru layer on top of ~30 nm SiO2 on a Si substrate. 

Samples with dimensions of 1” by 1” were cut from 12” diameter wafers. A pretreatment step 

using an ICP source that employed 33 sccm Ar, 16.5 sccm O2 and 400 W power to produce a 

plasma was used to remove surface contamination and impurities from the Ru samples before 

subsequent processing (no additional bias power was applied). The Ta samples consisted of 40 

nm Ta on top of 30 nm SiO2 on a Si substrate. The bottom SiO2 layer was deposited using a 

plasma enhanced chemical vapor deposition (PECVD) system. The top Ta layer was 

subsequently deposited by magnetron sputtering. 

4.2.3 Thickness Measurement by Ellipsometry 

An in-situ ellipsometry system with a He-Ne laser operating at a wavelength of 632.8 nm 

was used to characterize the sample in real time. The position of the ellipsometry is set so that 

the laser aligns with the EB spot on the sample. The area that is exposed to the EB can be 

characterized by ellipsometry in real-time with a sampling rate of 5 Hz per data point. Two 

optical parameters, Psi and Delta, are collected by ellipsometry, which can be translated to the 

thickness of the probed layers, enabling the real-time measurement of film thickness [175, 176]. 

Processed samples were also line-scanned by ex-situ ellipsometry across the EB-exposed area 

with a spatial resolution of 1 mm, which provides spatially-resolved thickness profiles of the 
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processed sample. This is shown in figure 4.1b. The refractive index of Ru and Ta were 

measured by etching back the samples. The refractive index used were n=4.9-6.35i for Ru, 

n=1.8-0.19i for RuO2, n=3.54-3.57i for Ta, n=2.21 for Ta2O5 and n=1.46 SiO2 [177]. 

 
Figure 4.1. (a) Schematic of the processing chamber with flood gun mounted on the top and RP 

source mounted on the side. (b) Schematic of the 1” by 1” processed sample. Ex-situ 

ellipsometer scanned across the EB exposed area and XPS measurements were performed at 

three locations. 

4.2.4 Surface Chemistry Measurement by XPS 

A Kratos Axis 165 x-ray photoelectron spectrometer was used for the surface chemical 

analysis of the processed samples. The XPS used a monochromatic aluminum K-alpha x-ray 

(1486.7 eV) source. Survey and high-resolution spectra were collected with pass energies of 160 

and 20 eV, respectively, with a take-off angle of 90° to the sample. As illustrated in figure 4.1b, 

the XPS measurements were done at three locations, i.e., at the center of the EB exposed area, at 

the edge of EB area (3 mm away from center), and in the RP only exposed area (10 mm away 

from the EB center). The results of the XPS measurements at three locations provide spatially-

resolved chemical information of the processed surface. 
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The analysis of the Ru spectra follows the approach developed by David Morgan [178]. 

Charge compensation of Ru samples was calibrated by correcting metallic Ru 3d5/2 to 280 eV 

[178]. The spectral decomposition of high-resolution Ru 3d spectra is challenging due to the 

complexity of the spectra and overlapping with C 1s. The decomposition of Ru 3d spectra was 

established by fitting it with metallic Ru (Ru0), Ru+4, and C 1s. The position of the Ru+4 peak is 

constrained to be 0.6 eV higher than that of metallic Ru. Spin orbit splitting (SOS) of Ru 3d5/2 

and 3d3/2 was kept at 4.17 eV for metallic Ru and 4.77 eV for Ru+4. The area ratio of the Ru 3d5/2 

and 3d3/2 was constrained to be 3:2. Since metallic Ru and RuO2 are conductive, a tail-dampened 

Lorentzian asymmetric line shape is used to fit their peaks. A Gaussian-Lorentzian peak was 

used to fit all other core levels. 

For the Ta samples, charge compensation was calibrated by correcting C 1s peak to 285 

eV. Ta 4f spectra were decomposed to metallic Ta (Ta0), Ta+5, Ta sub-oxide, and a weak O 2s 

spectra was also seen [179]. The Ta 4f peak is fitted with doublet peaks of Ta 4f7/2 and 4f5/2 with 

an area ratio of 4:3. The peak position of the 4f5/2 peak was constrained to be 1.8 eV higher than 

the 4f7/2 peak [45]. The FWHM of the Ta sub-oxide was constrained to be the same as the Ta+5 

peak [180]. Metallic Ta peaks were fitted by asymmetric peak-shape [45], and a Gaussian-

Lorentzian peak was used to fit all other core levels. 

Shirley background subtraction was applied to all spectra using CASA XPS software. 

The species intensity was calculated using the integrated peak area after applying sensitivity 

factors of 2.562, 1.76, 0.78, 0.278, and 1 for Ru 3d, Ta 4f, O 1s, C 1s, and F 1s, respectively 

[181]. 
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4.3 Results 

In this section, we will show our results of the EB and RP exposure to Ru and Ta. The 

Ar/O2 chemistry was applied first, as the reactive O species generated from the RP can oxidize 

Ru. With electron irradiation, etching of Ru can be realized by forming volatile RuO4 [53]. 

Subsequently, we explored the possibility of adding CF4 to improve the Ru ER as shown in prior 

reactive ion etching work [56]. The organization of the Ta section in 3.2 follows the same 

approach. The volatile compounds are RuO4 and TaF5 for Ru and Ta [55, 182, 183], respectively. 

Different surface modifications will be observed for Ar/O2 or Ar/O2/CF4 chemistry for the two 

materials. Results of spatially-resolved XPS and ellipsometry measurements of surface chemistry 

and morphology of the processed samples are also discussed.  

4.3.1 Effects of EB and RP Irradiation on Ru 

4.3.1.1 Investigation of the EB and RP Irradiation on Ru with Ar/O2 

To evaluate the effect of EB and RP exposure on Ru, a sequential treatment consisting of 

both separate and simultaneous EB and RP irradiation was applied to the Ru samples. In-situ 

ellipsometry was used to measure the thickness changes resulting from the irradiation and the 

outcomes are shown in figure 4.2. The ellipsometry data can be interpreted based on a model that 

considers the thickness changes of different layers. Figure 4.2a shows the model of Ru etch and 

RuO2 growth on top of 30 nm SiO2 substrate in a Delta-Psi plot. The bottom SiO2 layer is not 

shown in the model since its thickness does not change during the experiment. Every point 

represents 1 Å thickness change of either Ru metal (orange line) or RuO2 (green line). Growth of 

the RuO2 layer on top of Ru metal with different thickness is mapped. Each point on the map 

includes the thickness of the top RuO2 and the underlying Ru metal. Two examples are 
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demonstrated in the plot. This map can be superimposed onto the experimental data, which 

shows how the sample changes during the experiment.  

The ellipsometry data for sequential experiments are shown in Figure 4.2b along with the 

model simulation data of figure 4.2a superimposed. Starting with simultaneous EB and RP 

exposure, the temporal evolution of the data points is opposite to the model of RuO2 growth, 

indicating removal of surface RuO2. The data then follows the Ru removal model curve. The 

thickness of the sample derived from the ellipsometry data on figure 4.2c also shows continuous 

reduction of Ru thickness. After switching to RP only exposure, the Ru oxide starts to grow 

instead in thickness. The thickness increase observed is likely due to formation of RuO2 [169, 

184]. Switching back to simultaneous EB and RP exposure removes the newly-formed surface 

Ru oxide and reestablishes Ru etching. At the end of the experiment, only EB irradiation is 

applied and no significant thickness change is observed. 

It is likely that the simultaneous EB and RP exposures induce Ru etching by driving the 

formation of volatile RuO4 [55]. However, without excitation from the electron source, RP only 

exposures oxidize or functionalize Ru instead, likely through the formation of non-volatile Ru 

oxide, e.g., RuO2. The electron flux promotes further oxidation to volatile RuO4. Saito and 

Kuramasu [168] also found that RuO2 cannot be etched by O radicals alone without ion 

bombardment. The EB only exposure experiments do not induce etching or oxidization of the 

Ru, since the reactive O species required for the chemical reactions are not sufficiently produced 

without application of the RP source. Based on the results, both the electron and O flux are 

important to induce the Ru etching reaction. 
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Figure 4.2. (a) Ellipsometry model that shows simulation of Ru etching and RuO2 growth. (b) 

Experimental real-time ellipsometry data of sequential processing of Ru sample shown along 

with the model from (a). In (c), the thickness evolution of the Ru sample derived from (b) is 

shown. The RPS feed gas was 10 sccm Ar and 5 sccm O2, RP power used was 400 W, EB 

current used was 0.3 mA with 1 keV electron energy. 

The EC is directly related to the electron flux incident to the surface and the O2 flow 

affects the density of reactive O neutrals which oxidize Ru. Based on the sequential processing 
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results, the ER is related to both electron and reactive O flux incident to the surface. To 

investigate the ER dependence on electron and neutral flux, EC and O2 flow were changed, and 

the corresponding ER behavior versus these variables are shown in figures 4.3 a and b, 

respectively. 

The ER decreases as the EC is reduced. Instead of etching, thickness growth is observed 

for small EC, e.g., 0.01 mA EC and RP only. This is consistent with the results of figure 4.2 that 

RP only exposure induces material growth. For a small EC, the electron flux is not adequate to 

induce Ru etching, and the consequences of RP exposure dominate, which induces RuO2 growth. 

The Ru ER also decreases as the O2 flow decreases. As the O2 flow goes down, the O neutral 

flux incident on the surface reduced, and no longer can sustain the oxidation of the Ru material at 

a rate seen for high O2 flow. 

  
Figure 4.3. (a) Change of the Ru ER as a function of EC. The Ar and O2 flows were fixed at 10 

and 5 sccm, respectively. (b) The Ru ER as a function of O2 flow. The total flow of Ar and O2 

was kept at 15 sccm, and the EC was 0.5 mA with 600 W applied RP power. 
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4.3.1.2 Effect of CF4 Addition in Ru Etching 

Addition of a small amount of FC, HFC or Cl2 gas to O2 has been found to enhance the 

etch rate of Ru or RuO2 in RIE [54, 56, 57, 170]. The Ru etching mechanism in those works is 

based on ion bombardment, different from the present case where ion bombardment is avoided, 

and only reactive neutral and electron fluxes are incident on the sample surface. To evaluate the 

effect of FC gas for the present electron and neutral-induced Ru etching, CF4 was added to the 

Ar/O2 gas entering the RPS. A test of sequential processing that compares Ru etching with and 

without CF4 addition was performed initially, and results are shown in figure 4.4.  

The ellipsometry data consists of 5 steps and is shown in figure 4.4a along with a model 

of Ru removal and RuOxFy growth. The evolution of the data is similar to that shown in figure 

4.2. The direction of the Psi-Delta development for Ru removal and RuOxFy growth is added to 

the plot. The ER of each etching step is shown in figure 4.4b. The ellipsometry data of adding 

10% CF4 to the Ar/O2 gas with EB and RP irradiation (step 2) moves towards the combined 

direction of the Ru etching and RuOxFy growth model, indicating the formation of surface 

RuOxFy, as well as etching of Ru. A result of adding CF4, the Ru removal rate does not 

significantly improve as compared to Ar/O2 chemistry (see figure 4.4b). Significantly, the Ru ER 

induced by subsequent exposure to EB and the flux from the RPS fed with Ar/O2 only (step 3) is 

enhanced by ~3 times. Exposure of Ru to the species flux from the RPS alone and fed with 

Ar/O2/CF4 (step 4) does not induce etching, but forms a surface layer instead (negative removal 

rate) which is likely RuOxFy [57]. Switching back to concurrent EB and RP exposure 

reestablished Ru etching, with Ru the ER further enhanced (step 5). The fact that the Ru ER 

improves for Ar/O2 RP after prior Ar/O2/CF4 RP may be explained by chamber wall passivation 

by FC species [185], and will be discussed in section 4.2. Extended etching with concurrent EB 
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and RP irradiation with Ar/O2 chemistry was performed after switching off CF4. The evolution 

of the time-dependent ER is shown in figure 4.4c. The gradual decrease of the Ru ER after 

switching off CF4 is consistent with a passivation mechanism, as the passivation layer is being 

removed by the O fluxes generated by the RP. 

 
Figure 4.4. (a) A sequential processing of Ru using EB and RP with Ar/O2 or Ar/O2/10% CF4. 

For RP, 10 sccm Ar with 5 sccm O2/CF4 were injected at 400 W power. EB with 0.5 mA EC was 
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applied. (b) The ER of concurrent EB and RP exposure steps that induces Ru etching in (a). (c) 

The time-dependent ER from an extended Ru etching after switching off CF4. 

4.3.2 Effects of EB and RP Irradiations on Ta 

4.3.2.1 Investigation of the EB and RP Irradiation on Ta with Ar/O2 

We have shown that Ru can be etched by concurrent EB and RP exposure with Ar/O2. To 

evaluate the possibility of realizing Ru over Ta selectivity, the same EB and RP exposure 

conditions using Ar/O2 were also applied to a Ta substrate. Results are shown in figure 4.5a. 

Instead of etching, concurrent EB and RP exposure with Ar/O2 induces fast oxidation of Ta to 

non-volatile Ta oxide. The lost thickness of the Ta metal and the increased thickness of the Ta 

oxide matches the oxidation of Ta to Ta2O5, which is non-volatile and accumulates on the 

surface [186, 187]. Ta oxidation does not stop even after 2 hours of extended exposure, with 

about ~10 nm Ta2O5 growth seen. The continuous oxidation of Ta is likely explained by the deep 

penetration of the electron beam [10, 188]. The electron penetrates through the surface Ta2O5 

layer and activates the underlying Ta. Oxygen neutrals can diffuse through the top Ta2O5 layer 

and interact with the activated Ta. Olander and Schofill studied the oxidation of Mo and they 

found that oxygen can diffuse through the solid MoO2 layer and oxidize the underlying Mo 

[157]. Machiels and Olander [189] also suggest that F atoms can diffuse through the TaF3 

formed on the surface and fluorinate the underlying Ta, which is similar to the Ta oxidation 

mechanism we observed. However, as the surface Ta2O5 layer continues to grow, the oxidation 

or thickness loss rate of Ta, defined as the thickness of the Ta being oxidized per minute, 

consistently diminishes. This is shown in figure 4.5b. The surface Ta2O5 thickness increases the 

inelastic scattering of the electrons passing through it, making it harder for the electrons to reach 

the underlying Ta [10, 188]. The continuous reduction of Ta loss rate as the surface Ta2O5 grows 
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gives a possible approach to realize selective removal of Ru over Ta. This will be discussed in 

section 5. 

  
Figure 4.5. (a) Thickness evolution of the Ta metal, Ta oxide and the total thickness of the 

sample during an extended EB and RP exposure with Ar/O2. (b) The time-dependent Ta loss rate 

during the extended EB and RP exposure with Ar/O2. 10 sccm Ar and 5 sccm O2 were injected to 

RP and the EC was 0.5 mA. 

4.3.2.2 Effect of CF4 Addition to Ar/O2 for EB and RP Induced Ta Modification 

Ta has been shown to be etched with F-containing plasma by forming volatile tantalum 

fluoride products [186, 187, 190]. Tu, et al. demonstrated that Ta can be etched by an 

atmospheric-pressure plasma without ion bombardment [186]. To evaluate the etching of Ta and 

the effect of CF4 addition without ion bombardment in our RP settings, RP only irradiation with 

different CF4 flow rate was studied. The highest Ta ER by RP only occurs at 80% CF4, which is 

shown in figure 4.6. Further increasing the CF4 proportion to 90% does not continue to raise the 

Ta ER. The relationship between Ta ER and CF4 concentration is consistent with the effect of a 

higher dissociation rate of CF4 with a small amount of O2 addition (10% - 30%). The O2 possibly 

interacts with CF3 to form F, CO and CO2, which enhances the F density [59]. Chen, et al. [174] 
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studied the etching of Si using the same RP source and they found that the Si ER correlates with 

the F density which reaches the highest value at 20% O2 addition to Ar/O2/CF4. It is noteworthy 

that a non-volatile Ta oxide starts to form for CF4 concentrations below 30%. This is likely 

caused by the dominant O species generated in the O2-rich RP that starts to oxidize the Ta to 

form non-volatile Ta oxide [187].  

 
Figure 4.6. Relationship between Ta ER and CF4 %. Ta etching is induced by RP irradiation with 

Ar/O2/CF4.10 sccm Ar with 5 sccm O2 and CF4 were injected to RP. 

A sequential process to evaluate the effect of EB irradiation on Ta, was applied for Ta 

with Ar/O2/CF4, and is shown in figure 4.7. Exposing the Ta to RP with 60% CF4 induces 

continuous etching of Ta. However, the following concurrent EB and RP exposure not only 

induces Ta etching, but also oxidizes Ta metal to form non-volatile Ta oxide or Ta oxyfluoride 

[186, 187]. Even with CF4-rich gas composition, the EB only exposure does not sustain the 

etching reactions, but induces a faster oxidation of Ta, and results in a net thickness increase of 

the sample due to the density difference between the Ta metal and formed Ta oxide. The 

different responses of Ru and Ta to EB irradiation for these chemical fluxes, i.e., etching for Ru 
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and thickness increase for Ta, provides important possibilities for materials patterning. For 

instance, for these conditions it is possible to realize area-selective materials etching and growth 

if Ru and Ta are exposed simultaneously to these conditions. This is discussed in section 5. 

 
Figure 4.7. Thickness evolution of Ta in a sequential processing involving separate or 

simultaneous EB and RP exposure with Ar/O2/CF4. 10 sccm Ar with 2 sccm O2 and 3 sccm CF4 

were injected to the RPS at 400 W power. The EC is 0.3 mA. 

4.3.3 Surface Chemistry and Thickness Characterizations by Spatially-

Resolved XPS and Ellipsometry 

4.3.3.1 Surface Chemistry Measurements by XPS  

The surface chemical information acquired from XPS aides in understanding the surface 

modifications of Ru and Ta induced by the electron and neutral fluxes and benefits further 

development of this approach. For each sample, XPS measurements were performed at three 

locations. This was schematically shown in figure 4.1b. The Ta and Ru samples were exposed to 

the same EB and Ar/O2 RP conditions. The surface chemical measurements for different 

locations with respect to the EB-exposed area provides essential information on the chemical 
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effect of EB irradiation. Spatially-resolved ellipsometry scanning across the EB-exposed area 

provided additional information regarding the effect of spatially localized EB irradiation.  

The fitting of the Ru 3d XPS spectra is quite complex due to overlap with C 1s [178]. Ru 

3d spectra were decomposed to spin orbit splitting doublet peaks of metallic Ru (Ru0), Ru+4 and 

C 1s. The binding energies (BE) of the doublet Ru0 and Ru+4 peaks used for the fits is shown in 

table 4.1. The BE of the Ru+4 is close to that of RuO2 [178]. Considering the low intensity of F-

Ru, which is less than 5%, we assign the Ru+4 peak to RuO2. 

 
Figure 4.8. Peak fitting of Ru 3d XPS spectra. 

Table 4.1, the BE of the fitted Ru 3d peaks. 
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The fitting of the Ta 4f XPS spectra is shown in figure 4.9. The Ta 4f spectra was 

decomposed to Ta+5, metallic Ta (Ta0), Ta sub-oxide and their doublet peaks due to orbit 

splitting, and a weak O 2s peaks [45, 179]. The binding energy of the fitted doublet Ta0, Ta+5, Ta 

sub-oxide peaks is shown in table 4.2, which is similar to the values in [45, 179]. The BE of the 

sub-oxide suggests that it belongs to Ta+3 [45]. Since the concentration of the Ta sub-oxide is 

less than 10% of the Ta+5, for simplicity, we only analyzed the metallic Ta and Ta+5. The relative 

intensity of O-Ta, F-Ta, metallic Ta and Ta+5 with respect to the EB-exposed area is shown in 

figure 4.10b. 

 
Figure 4.9. Peak fitting of Ta 4f XPS spectra. 

Table 4.2, The BE of the Ta 3d peaks. 

Peak Binding energy (eV) 

Ta5+ 4f7/2 27.05 
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Ta0 4f5/2 23.7 

The relative intensities of the metallic Ru, Ru+4, O-Ru and F-Ru at three locations of the 

processed Ru sample are shown in figure 4.10a. Trace amounts of F were observed (F-Ru is less 

than 5% of the surface species), which likely comes from residual F left in the chamber. As the 

XPS measurement moves away from the EB irradiation center, the intensity of the Ru+4 increases 

and that of metallic Ru decreases. This is consistent with our in-situ ellipsometry measurement 

which shows that RP only exposure with Ar/O2 induces the formation of non-volatile RuO2, 

while concurrent EB and RP exposure induces etching. 

The relative intensity of Ta species is shown in figure 4.10b. The intensity of the Ta+5 and 

O-Ta and F-Ta is higher and metallic Ta intensity is lower for concurrent EB and RP exposure as 

compared to areas only exposed to the RP flux. This indicates the strong oxidation potential of 

EB and RP exposure for Ta and production of non-volatile Ta2O5. The Ta surface chemistry 

measured by XPS is also consistent with the results of in-situ ellipsometry measurements. It 

should be noted that RP with Ar/O2/CF4 was applied to the Ta initially to remove surface 

contamination and impurities, which is the source of the F detected by XPS. The XPS spectra of 

Ru and Ta also show a higher O-Ru or O-Ta intensity for the area exposed to concurrent EB and 

RP irradiation. This indicates that the EB promotes the oxidation for both samples. This will be 

discussed in section 4.  
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Figure 4.10. Intensity of (a) metallic Ru, Ru+4, O-Ru and F-Ru and (b) Ta+5, metallic Ta, and Ta 

sub-oxide from XPS measurement with respect to the EB-exposed area. Both samples were 

exposed to concurrent EB with 0.3 mA EC and RP irradiation with 10 sccm Ar and 5 sccm O2 at 

400 W 

4.3.3.2 Thickness Profile Measurements by Spatially-resolved Ellipsometry 

The thickness profiles for the processed samples was measured by spatially-resolved 

ellipsometry. The data are shown in figures 4.11 a and b, for Ru and Ta samples, respectively. 

For the Ru sample, the thickness of both Ru metal and non-volatile RuO2 decreased for the area 

exposed to both EB and RP. The agreement of in-situ ellipsometry and XPS measurements 

indicates that concurrent EB and Ar/O2 RP exposure induces etching of Ru. Ar/O2 RP only 

exposure induces oxidation of Ru to non-volatile Ru oxide. The spatially-resolved ellipsometry 

results of Ta shown in figure 4.11b reveal that thicker Ta oxide and thinner Ta metal are 

observed for concurrent EB and RP exposure as compared to an area for which only RP exposure 

took place. This indicates that the EB and RP exposure with Ar/O2 induces the oxidation of Ta 

metal to non-volatile Ta oxide. The fact that the newly formed surface Ta oxide is thicker than 

the lost Ta metal also indicates a thickness increase of the sample in the concurrent EB and RP 
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exposed area. The XPS, in-situ and spatially-resolved ellipsometry measurements are all 

consistent and indicate that the EB and RP exposure with Ar/O2 induces oxidation of Ta metal to 

non-volatile Ta oxide, and the composite film thickness increases. This is different from Ru, 

where etching is observed for the same processing conditions.  

 
Figure 4.11. Thickness profile of the processed (a) Ru and (b) Ta samples measured by spatially-

resolved ellipsometry. The samples are the same ones from XPS measurements shown in figure 

4.10.  

4.4 Discussion 

4.4.1 Mechanism of EB and RP Induced Materials Modifications 

In figure 4.10a, the XPS results of the Ru samples indicate more O-Ru within the EB 

exposed area. We have shown in figures 4.2 and 4.3 that RP only exposure induces oxidation of 

Ru to non-volatile RuO2. However, with additional EB irradiation, a synergistic effect of the 

combination of EB and RP is observed for the etching of Ru and may be explained by formation 

of volatile RuO4 [53]. The RP exposure functionalizes or partially oxidizes the Ru surface to 

RuO2; the incident electron flux is likely effective in promoting complete oxidation of the 
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modified Ru surface to volatile RuO4. This explanation is consistent with the ER dependence on 

electron and O neutral flux shown in figure 4.3. Higher electron flux with higher O gives faster 

oxidation of Ru to volatile RuO4, leading to a higher ER. Lin, et al. suggested that the EB could 

promote the generation of vacancies when interacting with an SiO2 substrate [66, 172]. The EB 

is likely to generate dangling bond for the Ru by electronic excitation, which could then react 

with atomic O, ultimately resulting in oxidation of Ru to volatile RuO4. This hypothesis is also 

consistent with the Ta results shown in figure 4.7. Compared to RP only which induces Ta 

etching by forming volatile Ta fluoride, the integration of the EB starts to induce oxidation of Ta 

to non-volatile Ta oxide. The EB only exposure results in a more intensive oxidation reaction. 

More Ta oxide is detected by XPS and ellipsometry for the EB-exposed area, as was shown in 

figures 4.10b and 4.11b. Since Ta oxide is not volatile at room temperature [187, 191], this layer 

accumulates on the surface as the EB continues to oxidize the underlying Ta metal, resulting in 

thickness growth. These consistent results derived from different measurements indicate that the 

electron flux promotes the oxidation of Ta and Ru. Depending on the materials properties, either 

etching by volatile oxide formation or growth of involatile oxide can be seen. 

4.4.2 The Role of CF4 Addition in the Ru Etching 

It seems that the ER enhancement seen in other work induced by the increased O density 

achieved by adding a small amount of CF4 to O2 does not apply for our conditions [54, 59]. As 

shown in figure 4.4, concurrent EB and RP exposures with 10% CF4 addition does not 

significantly raise the Ru ER. Additionally, a non-volatile Ru compound is formed on the 

surface, which is likely to be RuOxFy [57]. This layer stays at the surface and cannot be removed 

by electron irradiation as it may be in an ion-induced etching reaction. However, the Ru ER is 

improved subsequent to the Ar/O2/CF4 plasma when Ar/O2 is used by itself after switching off 
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the CF4 flow. One possible explanation that is consistent with the time dependence of this 

enhancement is that it is due to temporary chamber wall passivation. The FC species generated 

by the RPS can be adsorbed on the walls and form a passivation layer, which impedes the 

recombination of O to the reactor wall. Matsuo, et al. [185] observed a low recombination rate of 

F at a wall with Teflon coating, and more F atoms produced remotely can be transported over 

large distances to the sample. The same mechanism can apply to O atoms in our case. The ER 

enhancement seen for extended experiments after switching off the CF4 supply gradually 

decreases with time (see figure 4.4c). The time-dependent ER results are consistent with the 

passivation mechanism. As the surface passivation is slowly degraded with time, the 

recombination rate of O generated by the RPS will decrease. In any case, our results suggest a 

much more complex role for F atoms in boosting the enhancement of Ru etching for Ar/O2/CF4 

for our conditions, which are markedly different from prior work. Instead of directly increasing 

the O density by improving the O2 dissociation or by directly participating in surface reactions, 

the dominant effect CF4 addition may enhance the Ru ER for our remote plasma conditions by 

passivating the reactor walls. 

4.5 Application: Leveraging Selective Removal of Ru over Ta  

EUV photomasks, which are of great importance for fabrication of the next-generation 

semiconductor devices at smaller scales, commonly use Ru as the capping layer to protect the 

high-reflective multilayer stack and Ta-based materials of the EUV absorber [48, 51]. Photomask 

repair requires damage-free etching with great spatial and selectivity control [50, 171]. The EB 

and RP induced etching may be promising for EUV photomask repair [165]. As shown in section 

3.1 and 3.2, selective etching of Ta over Ru can be realized by applying fluxes produced in a 

RPS with CF4 addition. Reversing materials etching selectivity to achieve Ru over Ta is more 
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difficult using our EB and RP approach. In this section, we propose a possible way that involves 

the chamber surface passivation mechanism by FC species generated from RPS as discussed in 

4.2, which can improve the Ru ER, and potentially realize Ru over Ta selective removal. 

In section 3, we have shown that the addition of CF4 gas into the plasma possibly 

passivates the reactor walls, which subsequently reduces the recombination of the plasma-

produced oxygen species on the reactor chamber walls and improves the transport efficiency of 

the oxygen species to the sample. This mechanism is a possible explanation for the observed 

enhancement of the Ru ER during subsequent Ar/O2 exposures. We also demonstrated that 

concurrent EB and RP exposure with Ar/O2 induces etching on Ru and oxidation on Ta. The 

extended EB and RP exposure with Ar/O2 on Ta, as shown in figure 4.5, indicates that the Ta 

thickness loss rate continues to diminish as a thicker surface Ta2O5 forms. The opposite response 

of Ta and Ru to the same processing and the Ta loss rate dependence on surface Ta2O5 thickness 

provides us an opportunity to realize selective removal of Ru over Ta. 

A periodic processing including concurrent EB and RP exposure with Ar/O2 and RP only 

exposure with an O2-rich gas composed of Ar/O2/CF4 was applied to Ru and Ta. The Ru and Ta 

thickness change during the cyclic processing is shown in figures 4.12a and b, for the metal and 

total thickness, respectively. Concurrent EB and RP exposures with Ar/O2 induces etching of Ru. 

Subsequent RP exposure using Ar/O2/CF4 induces the formation of non-volatile RuOxFy. This 

step also passivates the chamber walls and subsequently improves transport of O atoms to the 

Ru. Upon switching to EB/RP with Ar/O2, the surface RuOxFy was removed quickly and Ru 

etching was restored, similar to the results shown in figures 4.2 and 4.4. As shown in figure 

4.12c, Ru ER continues to increase cycle by cycle due to the passivation. For Ta, the concurrent 

EB and RP exposure induces the oxidation of Ta to Ta2O5, and the subsequent RP only with O2-
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rich and CF4-starved feed gas continues to increase the thickness, which is ascribed to the 

formation of TaOxFy [187]. The formation of this layer is removed in a fast manner in the 

following EB/RP with Ar/O2 exposure and then Ta oxidation is established. As Ta2O5 continues 

to grow cycle by cycle, EB penetration is impeded, leading to a slowdown of Ta metal oxidation 

or loss rate. The thickness reduction on Ru and thickness growth on Ta is achieved, as shown in 

figure 4.12b. 

At cycle 7, the Ru loss rate is almost double the rate of Ta loss, and selective removal of 

Ru over Ta is realized. The selectivity can be further improved by extending processing. The Ru 

over Ta selectivity achieved by this approach can be applied to photomask repair and other 

processes, where the selective removal of Ru with minimal damage is required. The 

simultaneous removal of Ru and growth on Ta realized by this approach may also be applied to 

materials patterning. The realization of materials growth and etching in the same processing can 

also potentially simplify nanofabrication since it could be used for selective deposition of Ta2O5. 
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Figure 4.12. (a) The thickness evolution of Ru and Ta during the cyclic processing involving the 

Ru etching and chamber wall passivation steps. (b) The evolution of the total thickness of Ru and 

Ta samples. (c) Ru and Ta removal rate in each cycle. Conditions: 10 sccm Ar and 5 sccm O2 

were injected to 600 W RP for Ru etching and Ta oxidation with 0.3 mA EC from EB; 10 sccm 

Ar, 4 sccm O2 and 1 sccm CF4 were injected to 600 W RP without EB irradiation for chamber 

passivation. 
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4.6 Summary and Conclusions 

We have evaluated combining the fluxes generated by an EB source and a RPS for 

selective Ru etching over Ta. Simultaneous EB and RP exposure exhibit synergistic effects in the 

etching of Ru compared to separate EB or RP exposures. The Ru ER shows a strong dependence 

on O2 flow rate and EC, which are related to the oxygen neutral and electron flux incident to the 

surface. At low O2 flow or small EC, the formation of volatile RuO4 is restrained which limits 

the etching. Without EB exposure, RP only exposure can only functionalize the surface Ru by 

forming partially oxidized non-volatile RuO2 but cannot induce the etching reaction. The EB 

irradiation can enable the further oxidation of the modified Ru to volatile RuO4. For Ta, EB and 

RP exposure with Ar/O2 does not induce etching, but induces a large thickness growth, due to the 

non-volatility of Ta oxide. However, the oxidation rate decreases as the surface Ta oxide grows, 

which impedes the penetration of the electrons to reach the underlying Ta metal.  

We also studied the effect of CF4 addition to Ar/O2 for the RPS, and found that CF4 

addition does not directly enhance the Ru etching. The increase of the oxygen species density 

due to the CF4 addition does not result in the Ru ER improvement for our conditions, which is 

likely due to the formation of a non-volatile Ru oxyfluoride layer on the surface. Without ion 

bombardment, the electron flux cannot remove this layer. However, the Ru ER during 

subsequent etching using EB/RP with Ar/O2 was improved for some time after switching off the 

CF4. A possible mechanism that can explain the role of CF4 addition is surface passivation of the 

reactor walls, which reduces the recombination of reactive oxygen species on the walls. More 

oxygen species can thus be transported to the Ru surface and enhance the etching reaction. For 

Ta, RP only irradiation with CF4 added induces continuous Ta etching by forming volatile Ta 

fluoride, and the Ta ER is associated with the F concentration. However, for Ar/O2 RP operating 
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conditions and EB irradiation, Ta oxidation is promoted, and can result in pronounced Ta oxide 

growth on Ta. 

Spatially-resolved XPS and ellipsometry measurements reveal the possible mechanisms 

of the EB-induced materials modifications. Primarily, EB promotes the oxidation of the 

processed surface. For Ru, EB promotes the complete oxidation of Ru to RuO4 and etching is 

achieved due to high volatility of RuO4. For Ta, EB promotes the formation of Ta2O5. This non-

volatile Ta oxide accounts for the thickness growth on Ta. 

A cyclic process consisting of Ru etching by concurrent EB/RP exposure with Ar/O2 and 

reactor wall passivation by RP only with Ar/O2/CF4 is developed to realize selective removal of 

Ru over Ta. The periodic passivation of the reactor wall persists to improve the Ru ER, 

meanwhile the Ta loss rate keeps reducing cycle by cycle due to the formation of thick surface 

Ta oxide. At cycle 7, the Ru removal rate surpasses that of Ta and the selective removal of Ru 

over Ta is realized. Higher selectivity can be potentially realized by optimizing the feed gas 

chemistry and extending the cycles. Besides, simultaneous materials etching and growth realized 

by this novel approach can potentially simplify the nanofabrication process, since materials 

etching and growth can be realized in the same processing. 
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Abstract 

Ruthenium (Ru) has recently received more attention in the microelectronics industry due 

to its unique physical and chemical properties. In this work, we investigated etching of Ru using 

an approach that combines surface functionalization using the effluent of a remote plasma source 

(RPS) fed with Ar/O2/Cl2 gas mixtures and electron beam (EB) irradiation. The simultaneous 

exposure of the Ru substrate to reactive fluxes from the RPS and energetic EB exhibits a 

synergistic effect: For combined fluxes the Ru etching is greater than for individual RPS 

exposure or EB irradiation. The RPS generates reactive neutral species which functionalize the 

Ru surface through oxidation and chlorination. The energetic (1 keV) electron flux incident on 

the Ru surface induces Ru etching. A parametric study in which we varied the emission current 

(EC), relative Cl2 and O2 flow rate, and RP power was performed to understand the impacts of 

the neutral and electron fluxes on the Ru etch rate (ER). The Ru etching reactions change from 

being electron flux-limited, which is seen for small EC, to neutral flux-limited etching realized at 

large EC or with small gas flow. We also show that selective removal of Ru over Ta, which is 

important for applications like extreme ultraviolet (EUV) photomask repair, can be realized for 

these process conditions. For energetic EB bombardment and Ar/O2/Cl2 RP exposure high Ru/Ta 

etching selectivity can be realized (~6 times). The Ru/Ta etching selectivity is better than what 

can be achieved with the flux from an Ar/O2/CF4 RPS and otherwise similar conditions. 

Spatially-resolved X-ray photoelectron spectroscopy (XPS) has been performed to characterize 

the surface chemistry for a) locations exposed to both reactive neutrals and energetic electrons, 

and b) areas only exposed the RPS reactive neutral flux. The XPS results support a possible 

etching mechanism of the EB and RP induced Ru etching with Ar, O2 and Cl2. A kinetic model 

based on the fundamental aspects of the etching process has been developed which successfully 
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accounts for the major parametric observations of the etching rate seen for the energetic EB 

irradiation and RPS generated reactive neutral-induced etching process.  
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5.1 Introduction 

As the semiconductor technology node continues to scale down, Ru has become 

important for the semiconductor industry owing to several aspects. Due to its lower resistivity at 

tight pitch sizes, the application of Ru as the interconnect metal is being considered [43]. Ru has 

a higher melting point and lower electron mean free path compared to copper (Cu) [163], making 

it a good candidate as the interconnect material to allow for the continuation of the Moore’s law. 

Ru has also been used as the capping layer for extreme ultraviolet (EUV) photomasks due to its 

high transmissivity for EUV light at 13.5 nm wavelength and high resistance to corrosive 

environments [164-167]. Components of the EUV photomask are quite sensitive to thickness 

changes and defects, thus cleaning of the Ru capping layer requires damage-free etching of Ru 

with great spatial controllability and high selectivity to other components, e.g., the Ta based 

EUV absorber [50, 51]. All of these applications indicate that the precise, controllable, and 

selective etching of Ru is essential. 

Contrary to Cu, Ru can be patterned by plasma dry etching with ion bombardment 

through the formation of volatile RuO4 [54-57, 168, 169]. It has been found that the addition of 

fluorocarbon (FC) [54, 56] or halogen gases like Cl2 [52-55] can extensively improve the Ru etch 

rate (ER). A small amount of FC gas like CF4 added into plasma with O2 as the feed gas can 

improve the dissociation of O2 and produce more reactive oxygen species, e.g., atomic O [59], 

which subsequently promote the oxidation of Ru to form volatile RuO4 and enhance the ER [54]. 

For Cl2 addition, the generation of Cl based reactive species, such as Cl and ClO neutrals and 

ions, may also activate the surface Ru and improve the ER [52, 55, 60]. Plasma etching with ion 

bombardment inevitably introduces surface damage on Ru [171], which may make this approach 
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not feasible for processes where surface damage must be minimized, such as EUV photomask 

repair [51, 167]. 

Due to the smaller momentum transfer of electrons compared to ions to substrate atoms, 

electron beam (EB) irradiation is a promising approach to induce etching while keeping surface 

damage low [10, 28, 192]. Lin et al. investigated the possibility of combing EB irradiation with a 

remote plasma source (RPS) to induce materials etching. The RPS can functionalize the surface 

while the electron flux from the EB provides energy to induce materials etching [66, 172]. We 

have also applied a similar approach using Ar/O2 as the feed gas of the RPS to induce Ru etching 

[32]. The Ru ER exhibits strong dependence on O and electron flux. The addition of CF4 gas to 

the Ar/O2 mixture feeding the RPS may passivate the chamber walls and reduce the 

recombination of reactive O neutrals on the walls to improve the transport of O to the Ru sample 

[185]. Ru ER enhancement has been observed and a prototypical processing involving periodic 

chamber wall passivation that enables selective removal of Ru over Ta has been demonstrated. 

Conversely, the Ru ER induced by the Ar/O2/CF4 chemistry is relatively small, and the 

exploration for a new gas chemistry with better Ru ER is important. 

In this work, we investigated Ru etching induced by EB and RP irradiation with 

Ar/O2/Cl2 as the RPS feed gas. We found that Cl2 addition greatly improved the Ru ER. The Ru 

ER showed a strong dependence on both neutral and electron flux. Surface chemistry 

measurements by XPS shed light on the mechanism of the EB and RP induced Ru etching 

reactions with Ar/O2/Cl2. A kinetic model that considers the fundamental aspects of EB and RP 

induced etching reactions succeeds in reproducing the major observed ER dependencies on 

operating parameters. We believe that this model is applicable to electron and neutral flux 

induced materials modifications in general. 
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5.2 Experiment  

5.2.1 Reactor Chamber, EB Flood Gun and RP Source 

The experiments were performed in a vacuum chamber with an electron flood gun 

positioned on the top and an electron cyclotron resonance (ECWR) RPS mounted to the side [32, 

66, 172], as shown in figure 5.1. The Ru samples are placed on top of an electrostatic chuck 

system maintained at 10oC by circulating cooling water. The electron flood gun (EGA-1012) is 

manufactured by Kimball Physics, Inc. The base pressure of the chamber is maintained at 1*10-7 

Torr and raises to 1.8*10-3 Torr with a 15 sccm gas flow rate to the RPS. The flood gun is 

equipped with an yttria-coated iridium cathode, which has to operate at a pressure better than 

1*10-4 Torr. To accomplish this, a differential pumping unit with a pressure-limiting aperture 

between the flood gun and base chamber has been integrated to maintain the ambient pressure of 

electron flood gun at 10-6 Torr during operation. The emission current (EC) of the flood gun 

varied between 0.01 mA to 0.3 mA during the experiments, corresponding to different electron 

fluxes. The electron energy was 1 keV. The beam current incident on the sample was measured 

by a Faraday cup to be ~60% of the emission current. For an electron energy of 1 keV, the 

landing spot of the electrons on the sample has a diameter of ~5.5 mm. The electron flux to the 

sample is directly related to the beam current and is calculated for different EC, as shown in table 

5.1.  

The ECWR RP source (COPRA DN160) operates at a radiofrequency (RF) of 13.56 

MHz and a static magnetic field strength of 18 G. Ar, O2 and Cl2 gases with various flow rates 

are injected into the RPS which activates the gases and generates reactive species. Ions produced 

in the RPS are prevented from reaching the sample with a neutralization plate placed next to the 

RPS. Thus, only reactive neutral species can diffuse to and interact with the sample. The reactive 
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neutral flux is related to the gas flow rate and RP powers. Varying the gas flow and RP power 

can subsequently change the neutral flux. Three different RP powers, i.e., 200 W, 400 W and 600 

W were used.  Other information related to the experimental setup can be found in [32, 66, 172-

174]. 

5.2.2 Materials 

The Ru samples used in this work were manufactured by magnetron sputtering. The 

sample configuration consisted of a ~15 nm Ru layer on top of ~30 nm SiO2 with Si as the 

substrate. Samples with dimensions of 1” by 1” were cut from 12” diameter silicon wafers. A 

pretreatment step using concurrent EB and RP irradiation with 10 sccm Ar, 1.5 sccm Cl2 and 3.5 

sccm O2, corresponding to 30% Cl2, was applied to each sample to remove the surface 

contamination and impurities before subsequent processing. 

The Ta samples consisted of 40 nm Ta on top of 30 nm SiO2 on a Si substrate. The 

bottom SiO2 layer was deposited using a plasma enhanced chemical vapor deposition (PECVD) 

system. The top Ta layer was subsequently deposited by magnetron sputtering. 

5.2.3 Real-time Thickness Measurement by Ellipsometry 

An in-situ ellipsometry with a He-Ne laser operating at a wavelength of 632.8 nm is used 

to characterize the sample in real time. The position of the ellipsometry is adjusted to align the 

laser with the EB spot on the sample. The area that is exposed to the EB can be characterized by 

the ellipsometry in real-time with a sampling rate of 5 Hz or 0.2 s per data point. Two optical 

parameters, Psi and Delta, are collected by the ellipsometry, from which the thickness of the 

probed layers can be calculated, enabling the real-time measurement of film thickness [175, 

176]. The refractive indexes of Ru were measured by etching back the samples. The refractive 
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indexes used were n=4.9-6.35i for Ru, n=1.8-0.19i for RuO2 or non-volatile RuOxCly and n=1.46 

SiO2 [177]. More information of the ellipsometry can be found in [32]. 

5.2.4 Surface chemistry measurement by XPS 

A Kratos Axis Supra+ x-ray photoelectron spectrometer was used for the surface 

chemical analysis of the processed samples. The XPS used a monochromatic aluminum K-alpha 

x-ray (1486.7 eV) source. Survey and high-resolution spectra of Ru 3p, Ru 3d, O 1s and Cl 2p 

were collected with pass energies of 160 and 20 eV, respectively, with a take-off angle of 90° to 

the sample. XPS measurements at three locations were done: at the center of the EB exposed 

area, at the edge of EB area (2 mm away from center), and in the RP only exposed area (10 mm 

away from the EB center), as shown in figure 5.1b. Collecting measurements at three locations 

provides spatially-resolved chemical information of the processed surface. 

Charge compensation of Ru samples was calibrated by correcting metallic Ru 3d5/2 to 280 

eV [178]. The spectral decomposition of high-resolution Ru 3d spectra is challenging due to the 

complexity of the spectra and overlapping with C 1s. Instead, we used the Ru 3p spectra for 

surface analysis which provide identical chemical information. Cl 2p spectra were decomposed 

to chloride (Cl-Ru) and chlorine oxide (Cl-O). Spin orbit splitting (SOS) of Cl 2p3/2 and 2p1/2 

was kept at 1.6 eV for both Cl-Ru and Cl-O [193]. The area ratio of the Cl 2p3/2 and 2p1/2 was 

constrained to be 2:1. A Gaussian-Lorentzian peak was used to fit the Cl 2p spectra. 
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Figure 5.1. (a) Schematic of the processing chamber with flood gun mounted on the top and RPS 

mounted to the side. (b) Schematic of the 1” by 1” processed sample. Spatially-resolved XPS 

measurements were performed at three locations. 

Table 5.1: Electron flux incident to the sample for at different ECs. 

EC (mA) electron flux (cm-2 *s-1) 
0.3 4.73*1015 
0.2 3.15*1015 
0.1 1.58*1015 
0.05 7.89*1014 
0.03 4.73*1014 
0.01 1.58*1014 

 

5.3 Results 

5.3.1 Effects of EB and RP Irradiation on Ru Etching with Cl2 Addition 

To evaluate the effect of Cl2 on Ru etching behavior and the synergistic effect of EB and 

RP irradiation in the presence of oxygen and chlorine reactants at the Ru surface, sequential 

processing was performed for Ru. The thickness evolution in response to different exposures is 

shown in figure 5.2a, and the ER calculated from the measured thickness changes is shown in 

figure 5.2b. Etching of Ru occurs with concurrent EB and RP exposure with Ar/O2 or Ar/O2/Cl2 
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as the RPS feed gas. The O-based or Cl-based neutrals generated from the RP irradiation can 

functionalize the Ru [32, 172], and the electron flux is able to promote further oxidization of the 

modified Ru to volatile RuO4 [43, 55], resulting in etching of Ru. The addition of Cl2 to Ar/O2 

gas mixture can drastically improve the ER. This is shown in figure 5.2b. Two possible 

mechanisms were proposed in other publications to explain the ER enhancement by Cl2 addition. 

First, Cl2 addition to an O2 discharge may improve the O density which subsequently improves 

the Ru ER [53-55]. Second, Cl-based species may directly play a role in the surface reactions 

that promote the desorption of Ru [52, 55]. We will discuss the possible mechanism in our case 

in section 4. The reactive species flux from a RPS only fed with Ar/O2/Cl2 induces only slow Ru 

etching as compared to exposure to fluxes from both the EB source and RPS. Since ions are 

eliminated, without incident electron flux there is insufficient energy input to the surface to 

induce the desorption of surface Ru species. The Ru sample exposed to the electron flux with 

unexcited Ar/O2/Cl2 gas, marked EB only in figure 5.2a, results in thin film thickness increase, 

likely due to the formation of non-volatile RuOxCly. Without the plasma discharge, only a small 

number of reactive species can be generated, e.g., through EB-induced dissociation of the O2 and 

Cl2 gases [1, 10, 194]. Those species are insufficient to induce complete oxidation of the Ru 

required for formation of volatile Ru species, e.g., RuO4 or RuOxCly with a higher O 

stoichiometry [52], and only non-volatile RuO2 or RuOxCly are formed, leading to the thickness 

growth. 
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Figure 5.2, the sequential processing on Ru. (a) Thickness evolution with respect to different 

exposure. (b) The ER of different processes. The RPS feed gas was 10 sccm Ar and 5 sccm O2 

for Ar/O2 configuration and 10 sccm Ar, 1.5 sccm Cl2, 3.5 sccm O2 for Ar/O2/Cl2 configuration 

(30% Cl2). RP power used was 400 W, EB current used was 0.1 mA with 1 keV electron energy. 

We previously investigated the etching of Ru induced by EB and RP exposure with 

Ar/O2/CF4 as the feed gas [32]. CF4 addition did not directly enhance the Ru ER, likely due to 

the formation of non-volatile Ru oxyfluoride, which inhibits etching [57]. However, the FC 

species generated by the RPS may temporally passivate the chamber walls, and reduce 

recombination of O species on the walls. Subsequent to CF4-containing remote RP operation, 

transport of oxygen neutrals to the Ru surface appears more efficient. We observed that the Ru 

ER subsequent to EB and RP exposure with Ar/O2/CF4 chemistry was enhanced after stopping 

the CF4 gas flow, and possibly explained by this passivation effect. However, the ER 

enhancement by the passivation mechanism is temporary and fairly small. It is much smaller 

than the enhancement seen for the Ru ER induced by EB and RP irradiation as Cl2 is added to 

Ar/O2 RPS feed gas. This is shown in figure 5.3. It should be noted that the Ru ER with Ar/O2 

measured in figure 5.2 is higher than that measured in figure 5.3 before passivation. This is likely 
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due to residual Cl-based species in the chamber. Based on the above results, the addition of Cl2 

gas can drastically improve the Ru ER. The approach of functionalizing the Ru surface with Cl- 

and O-based neutrals from the RPS and exposing the modified Ru surface to electron beam 

irradiation generates a synergistic effect in the etching of Ru.  

 
Figure 5.3, the comparison of the Ru ER using Ar/O2/Cl2 chemistry and Ar/O2/CF4 chemistry 

with simultaneous EB and RP exposure. The RPS feed gas configurations were 10 sccm Ar, 3.5 

sccm O2 with 1.5 sccm Cl2 or CF4. RP power used was 400 W, EB current used was 0.1 mA with 

1 keV electron energy. 

5.3.2 Investigation of Ru Etching Dependence on EB and RP Parameters 

The Ru etching reactions induced by the EB and RP with Ar/O2/Cl2 involve interactions 

of electrons and neutrals with the surface. The electron and neutral fluxes to the surface are 

dependent on the parameters of the EB and RP sources. Investigation of the effects of these 

parameters is essential for a fundamental understanding of the etching reactions. 
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5.3.2.1 Dependence of the Ru ER on EC and RP Power 

The impacts of EC and RP power on Ru ER are shown in figure 5.4. The electron flux to 

the sample is directly proportional to the EC, as shown in table 5.1. The Ru ER increases with 

EC. The increased electron flux at the Ru surface, which promotes the desorption of oxidized Ru 

species. The change of Ru ER with respect to EC is more drastic at small EC, and the impact of 

EC gradually decreases as the EC is increased. Three RP powers at different EC were also 

investigated. The RP power is associated with the variation of the reactive neutral flux to the Ru 

surface. Higher RP power increases the dissociation of the O2/Cl2 gases and forms more reactive 

neutrals. The Ru ER shows a similar dependence on RP power as EC. Higher RP power 

generates higher ER, as more reactive neutrals are generated and subsequently transported to the 

Ru surface. More activated Ru by the reactive neutrals is expected with higher neutral flux, 

which results in a higher ER. The ER dependence on RP power is more pronounced at larger EC. 

Larger ER variation from 200 W to 600 W can be seen at 0.3 mA than at 0.1 mA and 0.05 mA 

electron current.  

The Ru etching reaction induced by EB and RP can be characterized by a model that 

describes the impact of electron and neutral fluxes incident on the surface [3, 31, 194]. At higher 

EC, the etching reaction is mostly limited by the neutral flux. Further increasing the EC cannot 

enhance the ER as much as at low EC since volatile Ru species are desorbed faster than the Cl 

and O surface coverage can be replenished. On the contrary, at lower EC, the reaction is limited 

by the electron flux and the impact of increasing RP power will be lessened. Here, the etching is 

limited by the desorption of the volatile Ru products and the surface is covered with more Cl and 

O. The etching reactions change from electron-flux limited at low EC to a neutral-flux limited at 
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high EC [3, 31, 194]. In section 4, we will develop the model that characterizes the etching 

reactions and takes in account the dependence on electron and neutral fluxes.  

 

Figure 5.4, the impacts of EC and RP power on Ru ER. The RPS feed gas was 10 sccm Ar, 1.5 

sccm Cl2 and 3.5 sccm O2 (30% Cl2). Three RP powers of 200 W, 400 W and 600 W were used, 

and the energy of the electrons was 1 keV. 

5.3.2.2 Ru ER Dependence on Cl2 and O2 Flow 

To evaluate the influence of the neutral flux on the Ru ER, different flows of O2 and Cl2 

were investigated. The ratio of the O2 and Cl2 flow was kept at 1 while their total flow was 

changed, so that the relative ratio of the O-based and Cl-based neutrals remained consistent. EC 

was varied at different O2/Cl2 flows to investigate the electron-flux dependence of the ER. The 

ER as a function of the EC at two O2/Cl2 flows is shown in figure 5.5. 

The ER at two different flows share a similar trend: sharp increase of ER at low EC and a 

lower increase at higher EC, which is consistent with the results shown in figure 5.4. The Ru 

etching reaction is restrained by the electron flux at low EC and limited by the neutral flux at 

high EC. The ER with Cl2/O2 flow of 2.5 sccm is higher than that of 1 sccm, due to more 
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reactive neutrals being available for 2.5 sccm gas flow rate. The Ru ER increase vs. EC is also 

higher for larger Cl2/O2 flows. Higher Cl2/O2 flow generates more reactive neutrals incident on 

the Ru surface, which respond to the EC increase more effectively. The two curves in figure 5.5, 

which were derived from a kinetic model that considered the fundamental aspects involved in the 

Ru etching reactions, succeed in predicting the ER as a function of EC with different Cl2/O2 

flows. The development of the model is discussed in section 4. 

 
Figure 5.5, influence of EC on the ER at different O2/Cl2 flow. The ratio of O2 and Cl2 flow was 

fixed at 1. Two Cl2/O2 flows, i.e., 1 sccm and 2.5 sccm, were applied. Ar gas was injected to 

maintain a total flow of 15 sccm. RP power used was 400 W. 1 keV electron energy was used. 

The influence of O2 and Cl2 flow was also individually investigated, and is shown in 

figure 5.6. The O2 flow rate was varied for two different Cl2 flow rates and ECs, representing 

high and low Cl-based neutral and electron fluxes. The ER increases with O2 flow for all cases, 

which has been widely observed by other researchers [54, 55, 60, 168, 169]. Operation of the 

RPS with higher O2 flow generates more reactive O neutrals, which promotes the oxidation of 

Ru to volatile RuO4, and results in a higher Ru ER. The increase of ER is sharper with smaller 
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O2 flow than for higher O2 flow, since the etching transfers from an O neutral-limited reaction to 

a reaction limited by other aspects, such as the Cl neutrals or electron flux. A higher ER can also 

be observed by raising the EC, which is consistent with previous results that the higher electron 

flux delivers more energy to the surface to promote desorption of chemically modified surface 

Ru. The Cl2 flow also improves the Ru ER, and the effect of O2 flow is more significant with 2 

sccm Cl2 than 0.5 sccm Cl2. A sharper ER increase with O2 flow is observed for a higher Cl2 

flow, since the Cl-based neutrals are not limiting the etching reaction as much as that with the 

lower Cl2 flow. The influence of EC is also much more pronounced for higher Cl2 flow. The ER 

between 0.2 mA and 0.1 mA is ~4 Å/min with 2 sccm Cl2 and ~1 Å/min with 0.5 sccm Cl2. With 

more Cl-based neutrals, the ER enhancement induced by EC becomes more efficient. It is worth 

noting that rather than Ru etching, formation of Ru chloride or oxychloride is observed for all 

four experiments at 0 sccm O2 flow. The material growth rate at 0 sccm O2 is clearly larger for 

high Cl2 flow rates. For low Cl2 flow rates, slight material growth is still seen. For the analysis 

we assumed that the refractive index of this chlorinated Ru layer is assumed to be the same as 

RuO2, which may not be completely accurate for the formed materials, and gives a small 

uncertainty in the thickness value shown. 
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Figure 5.6, the influence of O2 flow on the Ru ER at different ECs and Cl2 flows. 8 sccm Ar with 

2 sccm or 0.5 sccm Cl2 were also injected with different O2 flow to the RPS with a power of 400 

W. 1 keV electron energy was used. 

To investigate the effects of Cl2 and O2 flow and their reactive neutrals, the total flow of 

Cl2 and O2 was fixed at 5 sccm and their individual flows were varied, which means increasing 

the Cl2 flow will decrease the O2 flow. The subsequent ER changes help reveal the possible 

mechanism of the role of Cl2 in our EB and RP induced Ru etching. As shown in figure 5.7, the 

Ru ER as a function of EC with different Cl2 to O2 flow rates were analyzed. Ru ER up to 50% 

Cl2 (2.5 sccm Cl2 and O2, respectively) were measured. Again, the Ru ER increases with EC for 

all gas flows. ER also increases sharply at small EC and more slowly at large EC for a given 

flow composition, indicating that the etching reactions change from electron flux-limited at low 

EC to neutral-limited at higher EC. Surprisingly, the Ru ER monotonically increases with Cl2 

concentration, even though the O2 concentration decreases. For low Cl2 flow, ER almost levels 

off at high EC, especially for the Ar/O2 case without Cl2 flow. The increase of EC does not 

significantly contribute to the increase of ER anymore at these conditions. For high Cl2 flow, the 
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influence of EC is still quite pronounced at high EC, reflected by the fast increase of ER with 

EC.  

 

Figure 5.7, influence of Cl2/O2 ratio and EC on the Ru ER. The total flow of O2 and Cl2 is fixed 

at 5 sccm. The RPS feed gas was 10 sccm Ar and 5 sccm of O2/Cl2. RP power used was 400 W. 

1 keV electron energy was used. 

The highest reactive oxygen density occurs at 10-30% Cl2 addition [53, 54, 170]. The 

monotonic increase of the ER to Cl2 concentration rather than the density of reactive oxygen 

species indicates that the Cl-based species generated from the RP might directly participate in the 

interaction with Ru and promote the etching. The fact that the ER levels off at high EC for flows 

with small Cl2 and large O2 concentrations also indicates that the reaction is being restricted by 

Cl-based neutrals incident to the surface. Due to the insufficient Cl-based species, the reactions 

cannot respond effectively to the large incident O-based neutrals and electron flux. These results 

indicate that the Cl-based species participate in the surface reactions with Ru. 
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5.3.3 Surface Chemistry Characterization by Spatially-resolved XPS 

Surface chemical information provided by XPS gives valuable insights into the 

mechanism of EB and RP induced materials modifications. To evaluate the effects of the EB and 

RP exposure on Ru, we performed XPS on samples processed with three different exposures: 

two samples exposed to concurrent EB and RP exposure with either 2.5 sccm or 1 sccm O2/Cl2 

flow, representing small and large neutral fluxes, as shown in figure 5.5; one sample exposed to 

EB only, which induces the formation of non-volatile Ru oxychloride, as shown in figure 5.2.  

The results of the sample exposure to concurrent EB and RP fluxes (2.5 sccm Cl2/O2 

flow) are shown in figure 5.8. XPS was done at three locations relative to the EB exposed area. 

This is shown by the schematic in figure 5.1b, giving us information regarding the effect of 

spatially localized EB irradiation. Cl 2p and O 1s spectra indicate the presence of surface Cl and 

O on the sample exposed to RP only. This indicates that the RP-generated neutrals can 

functionalize or activate the Ru surface through chlorination or oxidation. Cl 2p spectra shows a 

large increase of the Cl intensity moving towards the simultaneous EB and RP exposed area. 

This is consistent with the Ru ER which is higher with concurrent EB and RP exposure than the 

RP only exposure. However, the relative concentration of the Cl-O to the Cl-Ru becomes less, 

which is shown in figure 5.12 as well. This is likely ascribed to the more pronounced effect of 

ClO species in the enhancement of the Ru etching, which are removed in a faster manner with 

Ru than Cl [52]. The difference of the O 1s spectra at different locations is more difficult to 

interpret, with potentially more O on the edge of the EB-exposed area, but fewer in the EB 

center. This can be explained by the differing Ru ER with respect to the surface O concentration. 

Because Ru oxyfluoride with higher O concentration is more volatile [52, 56, 169], O species 

may be more often taken up in volatile compounds which leave the surface, resulting in a lower 
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surface O coverage. The electron incident on the Ru can likely promote the formation of 

dangling bonds (DB) among Ru atoms [10], which become more reactive and subsequently react 

with Cl and O neutrals [32, 172]. We will have more discussion on the effect of EB on Ru in 

section 4. 

 
Figure 5.8, the Cl 2p and O 1s spectra measured by the spatially-resolved XPS. The sample was 

prepared by exposing to 400 W RP with 10 sccm Ar, 2.5 sccm O2 and Cl2 and EB with 0.3 mA 

EC and 1 keV electron energy. 

The Ru ER results obtained during sequential processing displayed in figure 5.2 showed 

that concurrent EB and RP exposure induces Ru etching, and EB only exposure with unexcited 

Cl2 and O2 gases induces the formation of non-volatile Ru oxyfluoride. To compare the effects of 

the two different exposures on surface chemistry, we performed XPS on samples exposed to 

concurrent EB and RP irradiation or EB only irradiation with unexcited Ar/O2/Cl2. The 

comparison of the XPS spectra is shown in figure 5.9. A great amount of Cl 2p uptake is 

observed for EB only exposure compared to concurrent EB and RP exposure, indicating that Ru 

underwent a strong chlorination reaction. This is consistent with our in-situ ellipsometry 
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measurement in figure 5.2 that EB only exposure promotes the formation of a highly chlorinated 

Ru layer, which stays on the surface. EB can dissociate the O2 and Cl2 gases to some extent and 

produce reactive species through electron collisions with the gas molecules. With a lower 

dissociation energy of Cl2 than that of O2 [195], EB is relatively more effective at dissociating 

Cl2 than O2, resulting in more reactive Cl-based species residing on Ru. Besides, more Cl2 could 

possibly be adsorbed on the Ru through dissociative adsorption [196]. This strong chlorination of 

Ru did not stop after 300 s exposure. We have observed a continuous formation of Ta oxide 

induced by EB irradiation with O2. The Ta oxidation did not stop even after 2 hours of EB 

exposure with over 10 nm Ta oxide formed [32]. Reactive oxygen species diffuse through the 

surface oxide layer and interact with the underlying Ta which are activated by bombarding 

electrons [157, 189]. As mentioned above, a substrate exposed to an energetic electron flux can 

likely form dangling bonds by electronic excitation [10]. The Cl species can continue to react 

with the activated Ru by diffusing through the surface layer. Due to the lack of a reactive flux 

from the RPS, the reactive O species generated in this mode of operation by the EB are not 

sufficient to oxidize the Ru to form a volatile Ru compound. The non-volatile Ru oxychloride 

accumulates on the surface, which explains the thickness increase observed in figure 5.2 with EB 

irradiation only. 
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Figure 5.9, the Cl 2p and O 1s spectra of two Ru samples measured by the spatially-resolved 

XPS. The sample was prepared by either exposing to simultaneous RP with 400 W and 10 sccm 

Ar, 2.5 sccm O2/Cl2 and EB with 0.3 mA EC or exposing to EB with 0.3 mA EC only with 

unexcited Ar/O2/Cl2 gases. Both cases used 1k eV electron energy.  

The Cl 2p and O 1s spectra of the Ru samples exposed to high and low neutral fluxes are 

shown in figure 5.10. The spectra in figures 5.10a and b were measured with simultaneous EB 

and RP exposure. Figures 5.10 c and d were the spectra measured with RP only exposure, where 

etching is almost negligible, but we can still see the RP-induced functionalization of the Ru with 

surface Cl and O present. Higher surface Cl coverage is observed on Ru exposed to both EB and 

RP irradiation with higher neutral flux. More Cl-based species are available from RPS with 

higher gas flow, resulting in more surface coverage during steady-state etching [3, 31, 194]. 

However, the surface O coverage is quite similar for low and high fluxes. As mentioned before, 

RuOxCly with a higher O stoichiometry tends to be etched faster due to the higher volatility [52, 

56, 169]. Thus, neutral flux might not be able to reflect the surface oxygen coverage, since more 

O on the surface triggers a faster ER, which removes the surface O in a faster fashion. The 

surface coverage of Cl and O on the sample exposed to RP only irradiation does not show an 
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obvious difference with high and low Cl2/O2 flow. Since the etching reaction triggered by the RP 

only exposure is so slow, the surface tends to be more stable instead of being in dynamic 

equilibrium. Once the Cl- and O-based neutrals fill up the available surface sites and without the 

EB to drive deeper oxidation or chlorination, no more neutrals can be adsorbed due to surface 

saturation. A model, which correlates the neutral flux, surface coverage and the etching reaction, 

is developed and more details are presented in section 4. 
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Figure 5.10, the Cl 2p and O 1s spectra of the Ru sample exposed to EB and RP irradiation with 

2.5 sccm or 1 sccm Cl2/O2 flow. (a) and (b) are Cl 2p and O 1s at the simultaneous EB and RP-

exposed area, respectively. (c) and (d) are Cl 2p and O 1s at the RP only-exposed area, 

respectively. 400 W RP and 0.3 mA EB with 1k eV electron energy were used.  

5.3.4 Etching Selectivity of Ru over Ta 

Selective removal of Ru over Ta with minimal damage is essential in EUV photomask 

cleaning [51, 167]. Previously, we have demonstrated that by applying cyclic processing 

involving etching with Ar/O2 and passivation with O2-rich Ar/O2/CF4 with EB and RP exposure, 

selective removal of Ru over Ta can be achieved [32]. The EB and RP exposures with Ar/O2 or 

Ar/O2/CF4 continues to improve Ru ER cycle by cycle while inducing the oxidation of Ta to 

non-volatile Ta oxide, which accumulates on the surface. As the Ta oxide layer continues to 

grow, the Ta oxidation rate reduces. The formation of the thick surface Ta oxide impedes the 

penetration of electron and oxygen species through the Ta oxide layer, thus slowing down the 

oxidation rate. However, in order to realize selective removal of Ru over Ta using that approach, 

~4 nm Ta was oxidized. Besides, the Ru etching rate was also much smaller compared to the 

Ar/O2/Cl2 chemistry. 

Here, we applied the concurrent EB and RP exposure with Ar/O2/Cl2 as the RPS feed gas 

to Ta. This approach induces fast Ru etching compared to Ar/O2 or Ar/O2/CF4 chemistry, as 

shown in figure 5.2 and 3. However, only a tiny amount of Ta, ~0.4 nm, which was almost non-

detectable, was oxidized after 300 s processing. The removal rates of Ru and Ta using EB and 

RP with Ar/O2/Cl2 as the feed gas and the passivation approach by CF4 are compared and shown 

in figure 5.11. A Ru over Ta etching selectivity of ~6 can be achieved, with a higher Ru ER of 

~6 Å/min compared to the passivation approach which achieved selectivity of 2 after 7 cycles.  
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Figure 5.11, the removal rate of Ru and Ta using EB and RP exposure with Ar/O2/Cl2 chemistry 

and their removal rate from the passivation approach after 7 cycles. 

5.4 Discussion 

5.4.1 Mechanism of the EB and RP Induced Ru Modification with Ar/O2/Cl2 

The XPS measurements in figures 5.8 and 5.9 demonstrate a higher surface Cl coverage 

is induced by EB irradiation, and the spatial evolution of Cl-based species on the surface matches 

that of the Ru etching reaction. As shown in figure 5.12, the surface Cl-to-O increases when 

moving towards the EB irradiation spot. Highest Cl coverage is seen in the simultaneous EB and 

RP exposed area, where the ER is also higher, compared to the RP only exposed area. The results 

in figure 5.7 show that the ER increases with Cl2 flow even though the O2 flow decreases, and a 

Cl-limited etching reaction is observed for lower Cl2 flow or at higher EC. Those results indicate 

that the role of Cl2 addition to the Ar/O2 gas in enhancing Ru etching induced by electron and 

neutral fluxes is not just a gas phase effect, which has been observed in reactive ion etching 

(RIE) [52-54]. In that model, a small amount of Cl2 added to Ar/O2 promotes the dissociation of 

O2. More reactive O species are transported to the Ru surface and improve Ru etching. In the 
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prior RIE work it was seen that 0% to 20% Cl2 addition generated the highest O density [52, 55]. 

For our conditions, up to 50% Cl2 addition generated a higher Ru ER compared to lower Cl2%. 

These results may suggest that Cl-based neutrals could potentially participate in surface reactions 

that promote more adsorption of oxygen radicals and etching of Ru. 

 
Figure 5.12, the spatial evolution of the Cl-to-O ratio and the (Cl-O)-to-(Cl-Ru) ratio derived 

from the spatially-resolved XPS spectra in figure 5.8. 

Imai et al. [52] performed a density functional theory (DFT) simulation to understand the 

role of Cl-based radicals in the etching of Ru. They found that the adsorption of Cl and ClO 

neutrals on the Ru surface in a RuO2 layer reduced the desorption barrier compared to the 

adsorption of O. They also predicted that ClO neutrals are more effective in promoting the 

desorption of Ru products than that of Cl neutrals and thus generate a higher Ru ER. Hsu et al. 

also found that the ClO species generated in an O2/Cl2 plasma might play a role in the Ru etching 

enhancement. Their mechanisms are consistent with our spatially-resolved XPS measurement of 

the Cl 2p in figure 5.8a. The relative increase of the Cl-O peaks is less than that of the Cl-Ru 

peaks in the EB exposed area, and we found a decrease of the (Cl-O)-to-(Cl-Ru) ratio in the 
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etching area exposed to simultaneous EB and RP exposure, as shown in figure 5.12. Since ClO is 

more effective in enhancing the Ru etching, more ClO is removed with Ru, resulting in a 

reduction of the relative ClO coverage compared to Cl-Ru. 

The neutrals generated from the RPS can functionalize or activate the Ru surface through 

chlorination or oxidation, indicated by the presence of Cl and O on surface exposed to RP only 

exposure, as shown in figures 5.8 and 5.10. The electron incident to the Ru can likely promote 

the formation of dangling bonds (DB) among Ru atoms [10], which become more reactive and 

subsequently react with Cl and O neutrals [32, 172], to form more oxidized or chlorinated Ru, 

e.g., RuOxCly. With a higher O stoichiometry, RuOxCly becomes more volatile [52], which can 

be removed from the surface and realizes Ru etching reaction. The fact that more surface O 

promotes the Ru etching also explains why the EB selectively promote the uptake of Cl-based 

neutrals but the O coverage does not increase significantly within the EB area and with higher 

O2/Cl2 flow, as shown in figures 5.8 and 5.10. Since the higher surface O coverage 

spontaneously promotes the ER by forming volatile species, the surface coverage of O cannot be 

significantly increased.  

5.4.2 Etching Model Development 

We have shown that both Cl-based and O-based neutrals incident to the surface are 

essential in functionalization of the Ru and the electron flux supply energy to induce the etching. 

Characterization of the etching reaction based on a model that considers the fundamental aspects, 

i.e., the chemical reactant flux of neutral species, energy and electron flux from the electron 

beam source, surface coverage, and etch yield to predict electron and neutral-induced etching 

reactions. 
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We have developed a model based on the simulation to describe the plasma-assisted Si 

etching reactions developed by Mayer and Barker [53]. The Ru ER (EREBN) is proportional to an 

EB induced yield YEBN, which is associated with electron energy, surface neutral coverage θ, and 

EB flux ΓEB [3]. The fractional neutral coverage can be written as 

𝜃𝜃 =
𝑛𝑛𝑎𝑎
𝑛𝑛0

  (5.1) 

n0 is the number of surface sites, and na is the number of sites occupied by reactive 

neutrals, e.g., O, Cl and ClO atoms. Then EREBN can be described as 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑉𝑉𝐸𝐸𝐸𝐸 ∙ 𝜃𝜃 ∙ 𝑌𝑌𝐸𝐸𝐸𝐸𝐸𝐸 ∙ 𝛤𝛤𝐸𝐸𝐸𝐸  (5.2) 

Here, VEB denotes the volume of substrate material removed per adsorbed species 

involved in the etch product. The neutral surface coverage can be balanced with neutrals that 

arrive at the surface and are involved in the etching process. We ignore spontaneous desorption 

of surface neutrals without reaction, spontaneous etching of the Ru by adsorbed neutrals, and 

removal of adsorbed neutral species by EB without them undergoing a reaction with the 

substrate, and other possible processes that lead to loss of neutrals without substrate etching.  

𝑑𝑑𝑛𝑛𝑎𝑎
𝑑𝑑𝑑𝑑

= 𝑠𝑠 ∙ 𝛤𝛤𝑛𝑛 −
𝑛𝑛𝑎𝑎
𝑛𝑛0

∙ 𝑌𝑌𝐸𝐸𝐸𝐸𝐸𝐸 ∙ 𝛤𝛤𝐸𝐸𝐸𝐸 (5.3) 

s is the effective sticking coefficient and Γn is the neutral flux incident to the surface. The 

first term on the right denotes the adsorption of neutral species with a sticking coefficient of s. 

The second term represents the neutral reaction on the surface based on equation 5.2. In a real 

situation, neutrals might diffuse into the first few atomic layers [197], for simplicity, we assume 

a Langmuir-type monolayer adsorption model: 

𝑠𝑠 = 𝑠𝑠0 ∙ (1 −
𝑛𝑛𝑎𝑎
𝑛𝑛0

) (5.4) 
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Here, s0 is the initial sticking coefficient, which reduces as the fractional surface coverage 

increases. Combining equation 5.1-5.4 allows us to solve for EREBN and surface neutral coverage 

θ in a steady-state condition, where the incident neutral flux equals to that leaves the surface 

(𝑑𝑑𝑛𝑛𝑎𝑎
𝑑𝑑𝑑𝑑

= 0). 

𝜃𝜃 =
1

1 + 𝑌𝑌𝐸𝐸𝐸𝐸𝐸𝐸
𝛤𝛤𝐸𝐸𝐸𝐸
𝑠𝑠0 𝛤𝛤𝑛𝑛

  (5.5) 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =
𝑣𝑣𝐸𝐸𝐸𝐸  𝑌𝑌𝐸𝐸𝐸𝐸𝐸𝐸 𝛤𝛤𝐸𝐸𝐸𝐸

1 + 𝑌𝑌𝐸𝐸𝐸𝐸𝐸𝐸
𝛤𝛤𝐸𝐸𝐸𝐸
𝑠𝑠0 𝛤𝛤𝑛𝑛

  (5.6) 

Now, ER and surface coverage during a steady state etching reaction can be characterized 

by the electron and neutral flux incident to the surface. We have evaluated our model by 

applying it to quantitatively interpret the experimental data shown in figure 5.5, where high and 

low Cl2/O2 flows were applied. Based on equation 5.5, higher neutral flux gives more surface 

coverage. This is consistent with our XPS results in figure 5.10, where more Cl is observed for 

2.5 sccm O2/Cl2 gas flow than for 1 sccm flow. 

Based on equation 5.6, steady-state ER can also be characterized by electron and neutral 

fluxes. YEBN is a function of EB energy and surface neutral coverage, where higher energy input 

with higher surface coverage induces higher yield [33]. YEBN will change as the composition and 

magnitude of the Cl2/O2 flow changes. Since the Cl2 and O2 flow ratio is fixed as constant 1, the 

relative concentration of Cl-based and O-based neutral should be similar with different Cl2/O2 

flow, we treat all the neutrals together as Γn, total, which varies according to Cl2/O2 flow. Since 

VEB and s0 are constants, we can denote VEB YEBN and 𝑌𝑌𝐸𝐸𝐸𝐸𝐸𝐸
𝑆𝑆0 Γ𝑛𝑛,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 as two composite constant 

parameters, which can be fitted for each Cl2/O2 flow. ΓEB is directly related to the electron flux 

from the EB source and the conversion is shown in table 5.1. Then EREBN derived from the 
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model can be obtained for different neutral and electron fluxes. The fitted EREBN is superimposed 

in figure 5.5 as two curves for each O2/Cl2 flow. The comparison show that the model behavior 

is quite consistent with the experimental data.   

Two extreme cases can be examined based on equation 5.6:  

1. 𝛤𝛤𝐸𝐸𝐸𝐸
𝛤𝛤𝑛𝑛,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 ≪ 1, representing an electron-limited etching reaction.  

2. 𝛤𝛤𝐸𝐸𝐸𝐸
𝛤𝛤𝑛𝑛,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 ≫ 1, representing a neutral-limited reaction.  

For the first case, equation 5.6 can be approximated as 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 ≅ 𝑣𝑣𝐸𝐸𝐸𝐸  𝑌𝑌𝐸𝐸𝐸𝐸𝐸𝐸 𝛤𝛤𝐸𝐸𝐸𝐸 , (5.7) 

where the ER increases almost linearly with electron flux. This is consistent with our 

results of ER as a function of EC. For small EC, the ER increases sharply and almost linearly 

with EC initially. According to equation 5.6, a higher neutral flux gives higher ER, which is the 

case for higher O2 and Cl2 flows or larger RPS power. 

For the second extreme case, ER from equation 5.6 can be approximated by  

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 ≅ 𝑣𝑣𝐸𝐸𝐸𝐸  𝑆𝑆0 𝛤𝛤𝑛𝑛,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡   (5.8) 

For this regime, the ER varies linearly with neutral reactant flux. This is reflected by the 

Ru ER for 2.5 sccm Cl2/O2 flow being higher than that for 1 sccm flow, as shown in figure 5.5. 

This is also consistent with the increase of ER with EC being relatively more moderate at higher 

EC. To meet the requirement of the second extreme case ( 𝛤𝛤𝐸𝐸𝐸𝐸
𝛤𝛤𝑛𝑛,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 ≫ 1), the electron flux needs to 

be higher for larger neutral flux in order to be dominant. This explains the sharper increase of ER 

for 2.5 sccm Cl2/O2 flow than that for 1 sccm flow at larger EC in our conditions, since the 

electron flux is not significantly larger than the neutral flux for the higher gas flow of 2.5 sccm. 

Overall, this model is consistent with the experimental results. 
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While the etching model captures very nicely key experimental observations, for the 

Cl2/O2 work, chlorine and oxygen are expected to play different roles. The question then 

becomes why in the etching model we did not need to distinguish the roles of oxygen and 

chlorine, even though they play different roles for the neutral and electron limited etching 

model? The fact that they act not in a mutually exclusive fashion points to the fact that chlorine 

can actually enhance oxygen adsorption, as discussed above in the discussion of the density 

functional theory results, and in that way they are coupled. It also may point to the fact that while 

Langmuir adsorption captures essential aspects important for the etching reaction, it is too 

simplistic a model for the current situation, in particular in the presence of electron-

bombardment for which multi-layer adsorption may be important. In that case the presence of 

chlorine on the surface would not limit the presence of oxygen.  

5.5 Summary and Conclusions 

We have investigated Ru etching induced by EB irradiation and exposure to reactive 

neutral flux produced by an Ar/O2/Cl2 fed RPS. The highest ER was observed for Ru exposed to 

simultaneous EB and RP irradiation with Ar/O2/Cl2 compared to separate EB and RP exposures. 

The Ru ER and etching selectivity of Ru over Ta is much higher utilizing Ar/O2/Cl2 as the RPS 

feed gas than seen in our previous work where we utilized Ar/O2/CF4. Ruthenium etching based 

on Cl2/O2 gas mixtures is more viable for Ru applications than fluorine/O2 based approaches. 

The reactive O- and Cl-based neutral fluxes generated by the RPS can functionalize the Ru 

surface through oxidization and/or chlorination, and the electron flux generated by the EB source 

can subsequently induce etching. The Ru ER exhibits a strong dependence on the Cl- and O-

based neutral along with the energetic electron fluxes. The parametric study shows that the Ru 

etching reaction transitions from being electron flux-limited at small EC to neutral flux-limited at 
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larger EC. Neutral-limited etching can also be seen for smaller gas flows to the RPS. The fact 

that the ER monotonically increases with the Cl2% beyond where the maximum O generation in 

the plasma would be indicates that the Cl-based neutrals directly participate in the surface 

reactions that promote the Ru ER. This is consistent with the results of our spatially-resolved 

XPS measurements. XPS shows an increase of the Cl surface coverage for locations exposed to 

simultaneous EB and RP fluxes, for which also a higher ER is observed as compared to Ru 

locations only exposed to the flux from the RPS. The EB can likely promote the uptake of Cl-

based neutrals which subsequently enhances the removal of Ru oxide or oxychloride. XPS 

spectra also showed that the relative surface (Cl-O)-to-(Cl-Ru) ratio decreased for the etching 

area, indicating that the ClO is more effective at promoting Ru etching than Cl-functionalization. 

An etching model has also been developed that considers the fluxes of reactive neutrals and etch 

initiation by electron beam bombardment for a Langmuir adsorption limited surface reaction. 

The etching model successfully reproduces the observed parametric dependencies of Ru etching 

induced by electron and neutral fluxes. Going forward, we expect that this model may be 

applicable to other neutral and electron based etching systems.  
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Chapter 6: Conclusions and Future Work 

6.1 Conclusions 

In this work, we investigated remote plasma-metal interactions taking place at 

atmospheric pressure or in a vacuum environment, respectively, and characterized plasma-

surface interaction consequences. The remote plasma configuration utilized for the work on the 

plasma-catalytic oxidation of CH4 at atmospheric-pressure screens out the short-lived species 

and enables us to independently study the effects of long-lived species, particularly the neutrals. 

For the EB and RP induced metal etching work, the ions were selectively removed using a filter. 

Thus, surface modification, e.g., etching, oxidation, or chlorination, induced by reactive neutrals 

and electrons were extensively studied in the latter work. The vacuum environment offers great 

surface and gas phase controllability, and the knowledge obtained also provides insights into the 

possible modifications induced by the neutral- or electron-catalyst interaction in the plasma-

catalysis work. The interrelation of different aspects of different characterization techniques 

sheds light on the mechanism of the plasma-surface interaction, which promotes the future 

development of plasma physics. 

In chapter 2, we characterized the APPJ-assisted CH4 oxidation over a Ni-SiO2/Al2O3 

catalyst at various conditions to understand the influence of plasma feed gas compositions, 

plasma powers and catalyst temperatures. A FTIR-based optical approach was applied for both 

gas-phase product and surface characterizations. Based on the gas phase measurements, a 

plasma-catalytic synergistic effect was observed. Surface characterization implemented by 

DRIFTS reveals the possible reaction pathways: CH4 is likely oxidized by the plasma produced 

oxygen atoms, yielding CHn at the catalyst surfaces, which then is further oxidized to CO and 

CO2. By comparing the surface analysis at room temperature and high temperature, we find the 
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oxidation of CH4 to CO and CO2 might be the rate-limiting step for this particular reaction. By 

correlating the results from downstream plasma-catalysis reaction and the plasma diagnostics, we 

identified atomic O as the key plasma produced neutral that is responsible for the CH4 oxidation 

at our conditions. 

In chapter 3, we compared two plasma feed gas configurations and found that directly 

flowing CH4 through the APPJ was much more efficient in terms of CH4 conversion than 

injecting CH4 downstream of the Ar/O2 plasma effluent. By exposing the catalyst to APPJ 

operated at large power, the catalyst can be activated at elevated temperature (500 °C). Activated 

catalyst produces a more intense thermal catalytic reaction than inactivated catalyst, even 

without the presence of plasma. The catalyst can be deactivated by exposing it to Ar/O2 plasma 

for an extended time. We speculate that the catalyst activation is likely associated with the 

reduction of the catalyst. We also observed a consistent shift of the surface CO IR vibrational 

frequency induced by plasma operation and catalyst temperature. Such systematic IR frequency 

shift can potentially be used as a local probe to characterize the surface reactions. 

In chapter 4, we investigated the etching of Ru and Ta induced by an EBS and RPS with 

Ar/O2 as the feed gas. The interrelation of the real-time thickness evolution and the surface 

chemistry of the samples that underwent EB and RP exposure, revealed the possible modification 

mechanisms. The changes in surface conditions were measured by ellipsometry and spatially-

resolved XPS, respectively. The Ru is functionalized and partially oxidized to non-volatile RuO2 

by O neutrals generated from RPS, and the incident electron flux further oxidizes the surface to 

volatile RuO4 and promotes etching. However, the same EB and RP with Ar/O2 induces 

oxidation of the Ta, resulting in a thickness growth, due to the formation of involatile Ta oxide. 

The effect of CF4 addition to the RPS feed gas in the Ru etching was also studied. We found that 
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CF4 did not directly improve the Ru ER as had been seen in direct plasma processing work, but 

that the subsequent Ru etching rate for Ar/O2 chemistry after stopping the CF4 flow was 

temporally enhanced. The FC species generated from the RPS fed with Ar/O2/CF4 may passivate 

the reactor walls which reduces the recombination rate of reactive O neutrals on the walls. Thus, 

more O species can be transported to the Ru surface and promote etching. Utilizing the 

passivation effect induced by CF4 addition to the RPS and the different responses of Ru and Ta 

to EBS and Ar/O2 RPS exposure allowed periodic chamber wall passivation by CF4 addition to 

be used to realize selective removal of Ru over Ta. 

In chapter 5, we studied EB and RP induced Ru etching with Ar/O2/Cl2 as the RPS feed 

gas. Compared to Ar/O2 and Ar/O2/CF4, Cl2 addition significantly improves the Ru ER and etch 

selectivity of Ru over Ta. The Ru ER exhibits a strong dependence on the oxygen-based and 

chlorine-based neutral, along with the electron fluxes. Spatially-resolved XPS results indicate 

that the RP can functionalize the Ru surface through oxidation and chlorination induced by 

incident neutral flux and that the electron flux can further chlorinate the modified surface. The 

Cl-based neutrals are likely able to promote the desorption of the modified Ru. We also 

developed a kinetic model based on the fundamental aspects of the etching process which 

successfully reproduced the major parametric features of the etching reaction induced by the 

electrons and neutral species. 

6.2 Future Work  

Moving forward, we believe that there are great research opportunities which can extend 

our current findings and promote the applications of plasma-surface interactions. The current 

research of the plasma-catalysis work studied the partial oxidation of CH4 to CO and CO2 using a 

Ni catalyst. Other reactions are of great interests and are also suitable model cases for the study 
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of plasma catalysis, for instance, the CH4 reforming with CO2, which can be used to mitigate the 

global warming effect, and N2 fixation, which is important for artificial fertilizer production [67]. 

Other metals, such as platinum (Pt) and palladium (Pd), are also good catalyst candidates for the 

further study of plasma catalysis. Investigation of the different reactions can enrich our 

understanding of the plasma-catalyst interaction and help design a system with better efficiency 

in terms of products conversion and energy efficiency. Other materials characterization 

techniques can also be applied, such as X-ray crystallography and XPS. Some of these 

techniques might be difficult for in-situ characterization, but still can provide valuable 

information of the surface through ex-situ measurements. 

We also noticed that the IR vibrational frequency of surface CO shifted compared to that 

of the gas CO. A systematic and consistent shift was also observed at different plasma and 

temperature conditions. The CO IR frequency shift is likely related to changes in the electronic 

structure of the species, which might reflect the surface conditions, such as the chemical states of 

the metal, the oxygen coverage and temperature, etc. We can use the measured frequency shifts 

with atomistic simulations to interpret the catalyst surface modifications by plasma. 

For EB and RP induced materials etching, the implementation of a mass spectrometer can 

provide valuable information about the gas phase chemistry, such as the density distributions of 

different species, for both the etchant species and the products leaving the surface as a result of 

materials etching. The correlation of this information with the surface characterization might 

help identify the key species generated in a plasma with a complex feed gas composition that are 

responsible for the materials modifications. These measurements can provide additional insights 

into the mechanisms of electron and neutral induced materials modifications. 
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We observed that the neutral species generated from the RP can functionalize the surface 

and the electron beam can induce further interactions with the modified species to induce 

materials etching. This concept is similar to the approach applied to achieve atomic-layer etching 

(ALE), where precursors are injected to activate the surface and then ion bombardment is applied 

to remove the activated surface to realize the precise etching at the scale of one atomic layer. By 

precisely controlling the gas injection and optimizing the selection of precursor gases and 

substrate materials, ALE can be potentially achieved using the functionalization by RP-generated 

neutrals and the removal of the modified surface can be induced by electron bombardment. Since 

the momentum of electrons is much smaller than that of the ions used in an ALE process, the 

surface damage induced by the EB and RP induced ALE will be much smaller than that induced 

by ion bombardment. Direct visualization of such surface damage differences between electron 

beam and ion bombardment techniques can serve as a great motivation for the development of 

this approach. For example, atomic force microscopy (AFM) can be used to probe the surface 

roughness of the etched sample. We expect that the surface roughness of the sample etched by 

electrons and neutrals will be smaller than roughness of surfaces etched by ion bombardment. 

Other electron beam sources can also be used. One of the most intriguing ones is a 

scanning electron microscope (SEM). The fact that the materials modifications can be directly 

visualized is very appealing. However, operation of SEM requires a strict environment compared 

to that of the flood gun, for instance, a lower operating pressure and less mechanical vibrations, 

which means that the implementation of the SEM would require a lot of modifications and 

retrofits to the current apparatus. Besides, materials preparation will be more complex.   

In summary, we have extensively investigated two plasma-metal interaction examples, 

i.e., APPJ-assisted CH4 conversion for a Ni catalyst and EB and RP induced materials 
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modifications. Characterizations of different aspects of the reactions provided important 

information regarding the mechanisms on plasma-surface interactions. At the same time, we 

believe there are numerous opportunities for further characterizations and improvements of the 

plasma-surface interactions studied here. We believe that the techniques demonstrated for metals 

etching and plasma catalysis will be important for process development in both the 

microelectronics and gas conversion industries. 
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