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 Plasma dry etching has been extensively employed in semiconductor manufacturing 

processes for anisotropic pattern transfer. With device miniaturization, the conventional 

approach utilizing continuous wave plasma etching does not meet the requirement for sub-

nanometer processing nodes, including profile control and atomic-scale etching selectivity. 

Additionally, the direct plasma exposure of a substrate raises the concern of plasma damage and 

undesired material removal. We describe improvements of plasma-based etching techniques and 

identified novel ways for enabling material removal. We have systematically studied different 

precursor chemistries for atomic layer etching on etching selectivity of SiO2 to Si3N4 and SiO2 to 

Si and obtained an understanding of the surface chemistry evolution. Compared to the 

conventional approach that mixes fluorocarbon and hydrogen precursors, selected 

hydrofluorocarbon can deliver optimal plasma chemistry that produces a reduced F/C film in the 



 

 

deposition step and realizes atomic-scale etching selectivity. We also report a new approach for 

establishing etching selectivity of HfO2 over Si by integrating substrate-selective deposition into 

an atomic layer etching sequence. The optimal precursor chemistry can selectively deposit on the 

Si surface as a passivation layer and convert HfO2 to metal-organic compounds for desorption. 

Finally, we designed and built a system that consists of an electron flood gun and a remote 

plasma source to demonstrate the concept of a new etching approach by exploiting electron-

neutral synergistic effects. This configuration achieves precisely controlled SiO2 or Si3N4 etching 

by co-introducing an electron beam and Ar/CF4/O2 remote plasma. This approach also addresses 

the issue of limited precursor chemistries in electron beam-induced etching. 
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Chapter 1: Introduction 

 Selective material removal through plasma-surface interactions enables pattern transfer 

on semiconductor devices. As device scaling shrinks below 10 nm, plasma dry etching needs to 

achieve atomistic removal with ultra-high etching selectivity. An etching technique realizing 

atomic-scale layer-by-layer removal called atomic layer etching (ALE) has been extensively 

developed because of many advantages, including precise etching depth control, simplified 

processing steps, etching uniformity, and potentially ultra-high materials etching selectivity. 

Plasma-enhanced ALE typically consists of two steps: surface modification and etching. The 

surface modification step uses dissociated species to tailor the surface of a substrate; the 

sequential etching step introduces low-energy ions that sputter and remove the modified layer. 

Once all modified layers are depleted, the etching stops and it is known as self-limited etching. 

By iterating these two steps, the etch depth is determined by the number of process cycles. 

 Etching selectivity can be achieved utilizing the chemical affinity between the constituent 

of the precursor and substrate. For ALE of Si with selectivity to SiO2, the surface modification 

step uses gaseous Cl2 that only chlorinates Si but not SiO2, since the energy of chlorinating Si (-

159 kJ/mol) is lower than SiO2 (230 kJ/mol).1 In the etching step, the Ar+ ions have enough 

kinetic energy to sputter away the chlorinated Si, but not SiO2 and untreated Si. A cycle 

consisting of a Cl2 injection step and then an Ar+ ion bombardment step realizes ALE of Si with 

selectivity to SiO2.
2-4 However, the use of chlorine cannot meet a process that requires the 

reverse etching selectivity, i.e. SiO2 over Si. To accomplish such etching selectivity, it is 

important to leverage the plasma and surface interactions for identifying a precursor that favors 

functionalizing SiO2 but simultaneously passivates poly-Si. Fluorocarbon (FC)-based ALE of 
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SiO2 with selectivity to Si has been studied using the feature that SiO2 consumes FC faster than 

Si under a certain condition.5-8 C4F8 precursor was used in the surface modification step to form 

a FC layer on both SiO2 and Si, and sequentially 30 eV Ar+ ions were used in the etching step. 

The etching selectivity is achieved by optimizing the ratio between the FC deposition thicknesses 

and etching step length (ESL) to the condition where the FC film is fully depleted by SiO2 while 

some remain on Si. As more processing cycles have proceeded, the build-up FC on Si is thick 

enough as a passivation layer to prevent the underlying Si loss from ion bombardment; SiO2 

meanwhile keeps a constant ER. This manner also applies to other applications, e.g. those 

requiring etching selectivity of SiO2 over Si3N4 and SiGe.  

 

1.1 Technical Challenges 

 In plasma etching, the step of introducing reactants and ions on a substrate in a 

continuous wave (CW) process is different from an ALE sequence. A CW process co-introduces 

reactants and ions to a substrate for maximizing ER through the synergistic effect, whereas an 

ALE process introduces reactants and ions in separate steps to optimize etching selectivity. To 

improve the etching selectivity in a CW process, a mixture of etchants and additives is often 

employed. For example, C4F8 mixed with H2 is used to reduce the fluorine to carbon ratio in the 

deposited film by hydrogen scavenging fluorine atoms.9, 10 As a result, H2 additives in a C4F8 

plasma promote a higher etching selectivity of SiO2 over Si. A combination of etchants and 

additives is well developed to establish an etching selectivity of different materials.11 However, 

limited studies have evaluated the effect of mixed reactants in an ALE sequence, especially 

whether the knowledge of additives in the CW process for enhancing etching selectivity applies 
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to an ALE sequence. The characteristic of precursors, including the structure and composition, in 

an ALE sequence also needs further investigation for etching performance.12 

 With device miniaturization, processing materials are no longer limited to Si-based 

materials. New emerging materials, including metal oxides, are implemented for less leakage 

current.13 For example, a high dielectric (high-k) material HfO2 replaces a SiO2 gate dielectric to 

reduce the tunneling effect. Only a few studies have discussed ALE of metal oxides with 

selectivity to Si-based materials.12, 14-16 There raises a need to study the surface reaction between 

emerging materials and precursors for improving etching selectivity, such as HfO2 over Si. The 

above-mentioned ALE approaches, including Cl2 and FC, do not apply to HfO2, because the 

bonding strength of Si-Si (327 kJ/mol) is weaker than of Hf-O (791 kJ/mol).1 Chlorine or 

fluorine-based precursors tend to break the Si-Si bond rather than the Hf-O bond, resulting in the 

volatility of Si products that is much higher than Hf products. The boiling point of SiF4, SiCl4, 

HfF4, and HfCl4 at atmospheric pressure is -86 °C, 58 °C, N/A, and 432 °C, respectively.17, 18 

These lead to a higher ER on Si than HfO2, so we need to develop a novel ALE approach that 

can reverse the etching selectivity. 

 Direct plasma exposure of a substrate often raises the concern of plasma damage. Plasma 

inherently creates a sheath potential on a substrate, where ions constantly impinge the surface. 

Ion bombardment produces material defects and undesired removal. Ar plasma, for example, 

under a 10 mTorr pressure can form a self-bias to -15 V that may lead to etching of Si and SiO2, 

especially during a surface modification step in the FC-based ALE sequences.7, 8 Therefore, it is 

crucial to develop a new etching method that eliminates plasma damage. 
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 Electron beam-induced etching (EBIE) shows promising results to eliminate plasma-

induced damage because the mass of electrons is orders of magnitude smaller than the mass of 

ions. EBIE is based on electron beam (EB) irradiation of the surface that has physically or 

chemically adsorbed chemical etchants to promote electron-simulated desorption (ESD).19 

However, the combination of precursor chemistries available to fuctionalize materials in EBIE is 

still limited as compared to the number of available etchants in plasma etching. Two limiting 

factors are considered, 1) few precursors can adsorb and cover the substrate surface,20 and 2) the 

adsorbates can form volatile etch products under EB irradiation.21-23 To expand the available 

precursor chemistries in EBIE, we will leverage a new concept that integrates a remote plasma 

with an EB source: a remote plasma is used to selectively functionalize the surface of a substrate, 

and an EB is used to stimulate the removal of the modified layer.  

 A remote plasma source comprises a plasma source and a neutralization plate. Plasma is 

used to energize the admitted gas precursors for the production of ions, radicals, and neutrals 

through electron-gas collision. A neutralization plate at the outlet of a plasma source is used to 

filter ions and allow only radicals and neutrals to diffuse to the reactor for functionalization of 

the specimen surface. Different from the conventional EBIE approach that relies on the inherent 

adsorption of gas-phase precursors on the substrate surface, the advantage of exploiting remote 

plasma is able to efficiently excite the precursor gases, which greatly increases the probability of 

radicals and neutrals adsorbed on the substrate surface. Remote plasma, additionally, can be used 

to functionalize the surface of a specimen. CF4/O2 remote plasma, for example, with an O2-rich 

recipe can produce an oxyfluoride layer on Si-based materials. This new experimental 

configuration consists of an electron flood gun and a remote plasma source and is used to 
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develop a remote plasma-assisted and EB-activated etching approach for the realization of 

damage-free pattern transfer. 

1.2 Collaborative Research 

 This research collaborated with several groups of experts in the world’s leading 

semiconductor companies. A brief description is listed in Table 1.1. 

 

Table 1.1: Organization of collaborations in this dissertation  

Project Collaborator Member Project 

Taiwan Semiconductor 

Manufacturing Company 

H.C. Chen Atomic layer etching 

of dielectric 

materials with high 

selectivity Tokyo Electron Limited H. Cottle 

Intel J. Tan 

IBM D. Metzler, S. Engelmann, R. 

Bruce, E.A. Joseph 

GLOBALFOUNDRIES C. Labelle, C. Park 

Carl Zeiss, SMS GmbH C. Preischl, C. F. Hermanns, D. 

Rhinow, H.-M. Solowan, T. 

Hofmann, B Michael, K. 

Edinger 

Electron beam-

induced process with 

the assistance of 

remote plasma 

 

 Working with industrial collaborators provides several benefits. The collaborators have 

excellent experiences that guide research direction. We held monthly phone conferences to 

discuss the research progress and challenge. Their strategy and professional feedback maximized 

the importance of research outcomes. Several special wafers, including stacked thin film 

structures, were prepared by the collaborators to ensure the highest research quality. 
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1.3 Processing Apparatus 

1.3.1 Inductively Coupled Plasma Reactor 

 The plasma-enhanced ALE experiments were conducted in an inductively coupled 

plasma (ICP) reactor (Fig. 1.1). The reactor consists of a spiral antenna on a quartz dielectric that 

is located 13 cm above an electrode. The top antenna is operated at a radiofrequency (RF) of 

13.56 MHz to generate plasma, whereas the substrate bias is operated at an RF of 3.7 MHz to 

control the ion energy of the plasma. The substrate backside was cooled using a chuck held at a 

temperature of 10 °C to mitigate any thermal effects on the samples. Mass flow controllers 

(MFCs) were used to precisely control the flow rate of precursors into the reactor. For plasma-

enhanced ALE processes, a computer-controlled gas injection system was used to introduce 

precursors into the chamber at specified intervals. 
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Fig. 1.1. Schematic diagram of the reactor for plasma-enhanced atomic layer etching 
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1.3.2 Flood Gun Integrated with Remote Plasma 

 The experiments for electron beam-induced etching (EBIE) with the assistance of remote 

plasma were performed in a reactor equipped with an electron flood gun that is located 38.3 mm 

above the sample and a remote plasma source that is installed at the side port of the reactor (Fig. 

1.2). The gun provides landing energy of electrons that ranges from 5 eV to 1000 eV with a 

maximum emission current of 1.5 mA. The grid voltage of the flood gun is used to control the 

beam spot size. 1000 eV EB with the maximum grid voltage of 100 V produces a ~5.5 mm 

diameter beam on a substrate. The remote plasma source consists of an electron cyclotron wave 

resonance (ECWR) at a radiofrequency (RF) of 13.56 MHz. The ECWR effect requires an 

additional static transverse magnetic field, exploiting the interaction of an electromagnetic field 

with plasma.24 The magnetic field splits a linearly polarized wave into a left hand and a right 

hand circularly polarized wave. The right hand circularly polarized wave can propagate in a 

frequency range between the electron cyclotron frequency and the plasma frequency. This 

frequency window allows the RF source power to efficiently deposit energy into the plasma and 

enable the formation of a higher plasma density than in a capacitively coupled plasma. A quartz 

plate at the outlet of the plasma source is used as a neutralization plate to prevent plasma-

generated ions from reaching the sample, only allowing neutrals to diffuse to the reactor.  

 The operation of the electron flood gun used is not compatible with the pressure of a 

remote plasma source. The flood gun during operation heats the filament to a temperature of 

1800 K or higher to emit electrons and requires a vacuum level of at least 110-5 Torr to avoid 

filament burnout. Remote plasma operates in a low-end mTorr pressure range to introduce 

reactive neutrals to the reactor. The direct assembly of an electron flood gun and a remote 
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plasma source leads to an engineering concern where the reactive neutrals from remote plasma 

greatly erode the filament of the flood gun with the suppression of emission current. To prolong 

the lifetime of the electron flood gun, a differential pumping unit (DPU) with a pressure-limited 

aperture (PLA) was designed and installed onto the top flange of the reactor. The purpose of the 

DPU separates the flood gun from the reactor and pumps out gases near the filament through an 

exclusive pump, whereas the PLA limits the number of gases transported into the DPU. The 

assembly of the DPU and PLA provides a pressure ratio between the reactor (110-3 Torr) and 

the flood gun chamber (110-6 Torr) of about 1000. The sample holder regulates specimen bias 

and temperature. Most experiments did not apply substrate bias. The substrate temperature keeps 

at a temperature of 10 °C to mitigate any thermal effect on the samples. Mass flow controllers 

(MFCs) were used to control the flow rate of precursors into the remote plasma source.  

 

Fig. 1.2.  Schematic diagram of the reactor for studying electron beam-induced etching with the 

assistance of remote plasma 
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1.4 Characterization Methods 

1.4.1 In Situ Ellipsometry 

 In situ ellipsometry was used to collect psi and delta values with a sampling rate of 5 Hz, 

for evaluating surface modification and etching during a processing step. The wavelength of the 

ellipsometry laser is 632.8 nm (He-Ne laser). Applying an ellipsometric model to the collected 

data allows for interpreting the surface modification and calculating the thickness change rate, 

including etching rate (ER) and deposition rate.  

 

1.4.2 X-Ray Photoelectron Spectroscopy (XPS) 

 A Vacuum Generators ESCA Mark II surface analysis chamber with a non-

monochromatic Al Kα X-ray source (1486.6 eV) was used to analyze the surface chemistry of 

the processed material. The analysis was operated in a constant-energy analyzer mode with a 20 

eV pass energy. Two emission angles at 20° and 90° were used to probe the surface and near-

surface regions to differentiate the compositional variation with probe depth. The diameter of the 

analysis area was kept at 5-6 mm. The processed materials were delivered to XPS analysis 

through a vacuum transfer system to prevent any atmosphere contamination. 

 

1.5 Processing Materials 

 Thin material films on a Si substrate were used to evaluate the material ER or reactant 

deposition rate. The film material included Si3N4, poly-Si, SiO2, SiGe, and HfO2. Multilayer 

stacked samples were used to study etching selectivity. A SiO2-Si stack on a Si substrate can 
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enable the evaluation of etching selectivity of SiO2 over Si, where the same approach also 

applies to the SiO2-Si3N4, SiO2-SiGe, and HfO2-Si stacks.  

 

1.6 Thesis Outlines 

 This work is to explore the reaction mechanism of utilizing complex plasma chemistries 

for surface modification, so ions or electrons facilitate material desorption. These findings 

benefit the development of advanced plasma etching methods to address the technical 

challenges.  

 In Chapter 2, we investigated the effect of FCs, HFCs, and a mixture of FCs and H2 in an 

ALE process toward the etching selectivity of SiO2 over Si3N4 and SiO2 over poly-Si, 

respectively. We show that the conventional approach using a mixture of precursors does not 

improve ALE performance but seriously degrades the etching selectivity. Selecting optimal 

precursor chemistry that directly functionalizes the surface property enables atomic-scale etching 

selectivity. 

 In Chapter 3, we evaluated an approach that integrates substrate-selective deposition into 

an ALE sequence as a new approach of selective removal. The collected data show that the 

deposition yield is strongly related to the chemical affinity between the constituents of the 

precursors and substrate materials. Exploiting this feature facilitates the formation of a 

passivation layer on Si and the fluorination in HfO2, so a sequential etching step can enhance 

material removal and establish etching selectivity of HfO2 over Si. 

 Chapter 4 focuses on an electron beam that activates SiO2 removal on the area tailored by 

Ar/CF4/O2 remote plasma. The previous two chapters discussed the ion-driven material removal 
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in a plasma reactor where the sheath potential causes material defects. The electron-neutral 

synergistic effect has been studied on SiO2 to understand the etching mechanism by 

differentiating the effect of electrons and neutrals.  

 Chapter 5 investigated the new experimental configuration that consists of a remote 

plasma source and an electron flood gun for EBIE of SiO2, Si3N4, and poly-Si with the assistance 

of Ar/CF4/O2 precursors. A study of the processing parameters of the remote plasma and EB 

sources on the etching result allowed us to explore a processing window to enable selective 

material removal, including Si3N4 over SiO2 and poly-Si over SiO2. 

 Chapter 6 summarizes the main findings and discusses future development. 
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Chapter 2: Achieving Ultrahigh Etching Selectivity of SiO2 over Si3N4 and Si 

in Atomic Layer Etching by Exploiting Chemistry of Complex 

Hydrofluorocarbon Precursors 

 

Journal of Vacuum Science & Technology A 36, 040601 (2018) 

 

K. Y. Lin, C. Li, S. Engelmann, R. L. Bruce, E. A. Joseph, D. Metzler, and G. S. Oehrlein  

 

K.Y. Lin contributed to the design and conduction of the research, to the analysis of the 

experimental results, and to the writing of the manuscript. 

All authors discussed the results, commented on and made changes to the manuscript. 

 

ABSTRACT 

 We demonstrate that complex hydrofluorocarbon (HFC) precursors offer significant 

advantages relative to gas mixtures of comparable elemental ratios for plasma-based selective 

atomic layer etching (ALE). This work compares mixtures of a fluorocarbon (FC) precursor and 

H2 with a HFC precursor, i.e. mixtures of octafluorocyclobutane (C4F8) with H2 and 3,3,3-

trifluoropropene (C3H3F3), for SiO2 ALE and etching of SiO2 selective to Si3N4 or Si. For 

continuous plasma etching, process gas mixtures, e.g. C4F8/H2, have been employed and enable 

highly selective material removal based on reduction of the fluorine content of deposited steady-

state HFC films; however this approach is not successful for ALE since hydrogen-induced 
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etching reduces the thickness of the ultra-thin HFC passivation layer which is required for both 

etching of SiO2 and passivation of the Si3N4 and Si underlayers, leading to lower materials 

etching selectivity. Conversely, our results show that C3H3F3-based ALE enables ultra-high ALE 

selectivity of SiO2 over Si3N4 and Si. The hydrogen in the precursor structure allows to reduce 

the fluorine content of the deposited HFC film without suppressing the formation of the 

passivation layer on the surface. Gas pulsing of complex reactive precursors in ALE provides the 

prospect of utilizing the precursor chemical structure for achieving high materials selectivity in 

ALE.  
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2.1 Introduction 

The development of atomic layer etching (ALE) approaches has many promising 

performance characteristics, including simple process steps, self-limited etching, improved 

uniformity, and potentially ultra-high materials selectivity required for advanced semiconductor 

manufacturing.25,12 Previously, we pointed out that utilization of the chemical nature of precursors 

may have significantly greater potential for ALE than conventional steady-state plasma etching, 

enabling greater control over surface reactions.12 Manipulating the chemical nature of precursors in 

an ALE process may open up a novel processing margin for Angstrom-level etch controllability not 

yet attainable.  

The interaction between plasma dissociated reactive gas and substrate significantly 

affects etching results, including etching selectivity and pattern transfer fidelity. In continuous 

wave (CW) plasma, the effect of leveraging the chemical structure of the precursor has 

comparable results as the effect of the precursor mixture. Li et al showed that the correlation 

between the CF2 fraction in the precursor gas and in the deposited film surface chemistry is less 

than the correlation between the CF2 fraction in the precursor gas and in the plasma gas phase 

obtained from optical emission spectroscopy (OES).26 Other studies also show that the effect of 

leveraging the content or molecular structure in hydrofluorocarbon (HFC) precursor is similar to 

the effect of fluorocarbon (FC) precursor gas mixing with hydrogen additives.27, 28 The recent 

publications in the FC-assisted ALE by Metzler et al5, 7, 8, 29, using C4F8 and CHF3 on SiO2 and Si 

etching, and Li et al30, using C4F8 and CHF3 on Si3N4 etching, demonstrates that the chemical 

structure of a precursor has a profound influence on the fluorine and carbon content deposited on 

the surface. The CHF3-based ALE resulted in a higher fluorination level on the Si3N4 surface 
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than C4F8, which is different from the observations in CW plasma.30 CH3F-based ALE of Si3N4 

has been investigated and established ALE selectivity of Si3N4 over Si.31, 32 However, to our best 

knowledge, the study of comparing a HFC precursor to a FC precursor mixed with H2 in ALE 

has not been explored as yet. 

This article compares the ALE selectivity of SiO2 over Si3N4 and SiO2 over Si using a) a 

FC precursor, C4F8, b) a mixture of a FC precursor and H2, C4F8/H2, and c) a HFC precursor, 

C3H3F3. The detailed information regarding the chemical structure of the precursors used for this 

study is shown in Table 2.1. The experimental tests targeted ALE selectivity of SiO2 over Si3N4 

and SiO2 over Si.7, 30 The precursor deposited film thickness per cycle is designed to be thick 

enough to form a passivating layer on Si3N4 or Si, whereas the relatively higher carbon 

consumption rate of SiO2 leads to negligible film thickness on SiO2.
33, 34 Stacked SiO2-Si3N4-

SiO2 and SiO2-Si-SiO2 on Si substrates were used. The material thickness loss after fully etching 

the top SiO2 layer before forming a passivation layer and stopping etch was used to evaluate the 

ALE selectivity for different precursors. The first part discusses the ALE behavior of SiO2 and 

Si3N4 and the corresponding Si3N4 thickness loss before the formation of an etch-stopping FC 

passivation layer. To study the correlation between the chemical structure of the precursor and 

the surface chemistry evolution, X-ray photoelectron spectroscopy (XPS) analysis of the 

materials at the end of two ALE process steps in one cycle, i.e. the FC deposition step and the 

etching step, was performed.5, 8 In the second part, SiO2 and Si etching were studied using an 

identical set of precursors and Si thickness loss before etch stop was determined. 
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Table 2.2 Molecular formula, name and structure of precursors used in this work.  

Molecular Formula Name Structure 

C4F8 Octafluorocyclobutane 

 

C3H3F3 3,3,3-trifluoropropene 

 

 

2.2 Experimental 

 The experimental setup closely matches our previous publications8, 30 and is briefly 

described here. We used an inductively coupled plasma (ICP) reactor excited at 13.56 MHz. The 

substrate was biased at the radiofrequency (RF) of 3.7 MHz. The plasma was confined within a 

195 mm diameter anodized Al confinement ring. A 125 mm diameter Si substrate was located 

150 mm below the top electrode on an electrostatic chuck. The base pressure before processing 

was in the 1  10-7 Torr range, and the temperature of the 25  25 mm2 sample was stabilized by 

a cooled chuck at 10 °C during plasma processing. A load lock and vacuum transfer were used 

for all experiments in order to minimize environmental impacts during the sample exchange. The 

detailed configuration of the plasma system can be found in references 15 and 16.35, 36 Before 

each experiment, an O2 plasma based cleaning process and Ar plasma based conditioning process 

were employed to ensure that the condition of the reaction chamber remained consistent.37 Two 

sets of multi-layer stacked samples: a) SiO2-Si-SiO2 and b) SiO2-Si3N4-SiO2 deposited on a Si 

substrate enabled evaluation of etching selectivity of SiO2 over Si and SiO2 over Si3N4. The in-
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situ ellipsometry with a He-Ne laser on the ICP reactor allowed for studying material thickness 

changes in real time.38  

 The ALE experiments were performed following the FC-assisted ALE procedure that is 

based on the use of a steady-state Ar plasma in conjunction with periodic injections of a defined 

number of precursor gases and synchronized plasma based Ar ion bombardment. The process 

sequence is similar to our previous work.7, 30 All plasma processes presented in this work operate 

with a source power of 200 W and a processing pressure of 10 mTorr along with a 50 sccm Ar 

carrier gas flow rate. The ALE process is comprised of a deposition step and an etching step. In 

the deposition step, a selected precursor was introduced with an injection length of 2 seconds to 

deposit a 10 Å thick FC film on the substrate. This step was followed by a 12 second purge step 

to pump out the residual reactive gas. In the etching step, a -15 V RF bias voltage was employed 

with an etching step length (ESL) of 18 seconds, accelerating energetic Ar ions with a maximum 

kinetic energy of 30 eV to sputter the deposited FC film and reacted layer. Since the deposition 

yield may be different for each material, the experiment was set to deposit a 10 Å thick FC film 

on SiO2 at the beginning cycles and keep a fixed amount of precursor injection during the 

following cycles. Three sets of precursor were explored, i.e. a) 2 sccm C4F8, b) 2 sccm C4F8 

mixing with 3 sccm H2 and c) 2 sccm C3H3F3. 

 To establish surface chemistry modification with regard to precursor chemistry and 

structure, XPS analyses have been performed at the end of the deposition and etching steps. The 

samples were transferred under vacuum to a Vacuum Generators ESCALAB MK II surface 

analysis system for XPS measurements. High resolution scans of the Si2p, C1s, O1s, N1s and 

F1s spectra were obtained at 20 eV pass energy at an electron take-off angle of 20° (shallow 
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probing depth ≈20-30 Å) and 90° (deep probing depth ≈80 Å) with respect to the sample surface. 

The spectra were calibrated by the binding energy position of the C-C peak to 284.5 eV and 

fitted using a least square fitting after Shirley background subtraction.39, 40  

 

2.3 Results 

2.3.1 SiO2 and Si3N4 ALE 

An in-situ ellipsometry model in the Delta-Psi space was formulated to simulate the top 

SiO2 and Si3N4 etching with corresponding accumulated FC film on the surface. This is shown in 

Figure 2.1(a). The gold solid arrow describes top SiO2 etching, and the dark red dotted line 

describes etching of the Si3N4 underlayer. The process condition is designed for etching top SiO2 

followed by etch stop on Si3N4 by formation of a FC passivation layer on the surface. The dark 

cyan dashed lines in Figure 2.1(a) simulate the formation of the FC film with a given Si3N4 loss, 

such as 4 and 7 nm, which is used for evaluating the ALE selectivity. 
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FIG. 2.1.  (Color online) (a) Ellipsometry modeling for SiO2-Si3N4-SiO2 stack sample with top 

SiO2 etching (gold, bottom SiO2 layer is not shown) and underlayer Si3N4 etching (dark red 

dotted line). The dark cyan dashed line describes the formation of a FC passivation layer with 4 

and 7 nm Si3N4 loss before etch stop. (b) The experimental in-situ ellipsometry data of ALE with 

C4F8, C4F8/H2 and C3H3F3 superimposed on the ellipsometry model. The figure shows various 
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Si3N4 losses by using different precursors and essentially negligible Si3N4 loss in the case of 

C3H3F3. 

 

The in-situ ellipsometry data of ALE using C4F8, C4F8/H2 and C3H3F3 of SiO2-Si3N4-SiO2 

stack sample were superimposed on the modeling results (Figure 2.1(b)). The ALE process 

conditions were the same as described in the beginning of this section, i.e. ~10 Å FC deposition 

thickness per cycle on SiO2, 18 second ESL, and -15 V RF bias voltage that creates Ar ions with 

a maximum energy of 30 eV. The black dots describe the C4F8-based ALE that removes the top 

SiO2 layer and gradually accumulates a FC film during the Si3N4 etching region. Etching of 

Si3N4 stops once the accumulated film is thick enough to prevent further erosion of the Si3N4 

underlayer. The corresponding Si3N4 loss is used to represent ALE selectivity using C4F8. The 

C4F8/H2 ALE data (red dots) show that the top SiO2 layer is also completely removed and a FC 

passivation layer forms with more Si3N4 consumption in comparison to C4F8 ALE. On the other 

hand, C3H3F3-based ALE (blue dots) shows a quick formation of a FC passivation layer with 

negligible Si3N4 thickness loss after top SiO2 etching. Each of these three precursors enabled 

continuous ALE of SiO2 and accumulated FC passivation on the Si3N4 surface that prevents 

further Si3N4 loss.  

The SiO2 and Si3N4 layer thickness at the end of each cycle using C4F8, C4F8/H2 and 

C3H3F3 ALE is shown in Figure 2.2(a). The ellipsometry model shown in Figure 2.1(a) was 

applied to fit the experimental in-situ ellipsometry data and measure the SiO2 and Si3N4 

thickness change. For SiO2 etching, C4F8 and C4F8/H2-based ALE gave higher SiO2 thickness 

etched per cycle (EPC) than C3H3F3. Si3N4 EPC showed a strong dependence on the gaseous 
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precursor used for ALE. C4F8 mixing with H2 exhibited the highest Si3N4 EPC, followed by C4F8 

and C3H3F3. The use of a C3H3F3-based ALE process shows minimum Si3N4 loss by rapid 

formation of a FC passivation layer, whereas the C4F8/H2 mixture using identical process 

condition increases Si3N4 material loss. A comparison of the amounts of net Si3N4 loss for C4F8, 

C4F8/H2 and C3H3F3-based ALE at the end of the 28th cycle, when C3H3F3-based ALE obtained a 

full etch stop, is shown in Figure 2.2(b). 
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FIG. 2.2.  (Color online) (a) SiO2 and Si3N4 layer thickness at the end of each ALE cycle using 

C4F8, C4F8/H2 and C3H3F3, respectively. Si3N4 etching stops at various thicknesses. (b) The 

amount of Si3N4 thickness loss before etch stop for three conditions. 

To evaluate surface chemical aspects of these processes, XPS spectra for Si3N4 ALE 

using C4F8, C4F8/H2 and C3H3F3 at the end of the deposition and etching steps were obtained. 
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Scans were performed at the beginning of Si3N4 etching after the removal of the top SiO2 layer, 

for example, the 8th cycle for C4F8, the 9th cycle for C4F8/H2 and the 12th cycle for C3H3F3 in 

Figure 2.2(a). The data shown in Figure 2.3 summarizes the Si2p, C1s and F1s spectra for the set 

of precursors. XPS intensity difference spectra corresponding to XPS data after etching and 

deposition steps, respectively, are shown. The Si2p spectra were fitted using fluorinated silicon 

nitride (Si-NF) and fluorinated silicon oxide (Si-OF) at 102.4 eV and 104.2 eV, respectively.41 

The C1s spectra were fitted using C-C/C-H, C-CFx, C-F/C-O, C-F2 and C-F3 at 284.5 eV, 286.2 

eV, 287.9 eV, 290.2 eV and 292.6 eV, respectively.5 The F1s spectra were decomposed into F-

SiON and F-C at 686.8 eV and 687.8 eV, respectively.39, 42-44 XPS intensity differences45 

between after etching and deposition data for C4F8, C4F8/H2 and C3H3F3 were evaluated to clarify 

the extent of surface reaction by Ar ion bombardment. The spectra were normalized by the total 

areal intensity of all elements corrected with the relative sensitivity factors on the surface, 

including Si2p, C1s, N1s, O1s and F1s.46  
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FIG. 2.3. (Color online) Si3N4 XPS spectra obtained at a take-off angle of 20° that compare 

surfaces after ALE using (a-c) C4F8, (d-f) C4F8/H2 and (g-i) C3H3F3 precursors at the end of 

deposition and etching steps, respectively. XPS difference spectra formed by subtracting XPS 

data after the etching step from the data after the deposition step are also shown for the three 

chemistries (C4F8 (black), C4F8/H2 (red) and C3H3F3 (blue)). The spectra include (j) Si2p, (k) C1s 

and (l) F1s. 
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A comparison of the F/C ratios calculated from the C1s and F1s/C1s spectra at a take-off 

angle of 20° with C4F8, C4F8/H2 and C3H3F3-based ALE at the end of deposition and etching 

steps, respectively, is shown in Figure 2.4(a). The F/C ratios from the C1s spectra measures the 

fluorine content in the deposited FC layer by calculating the area percentage of weighted C-F, C-

F2 and C-F3 peaks in the spectra.30, 41 The ratio of F1s/C1s spectra measures the fluorine content 

in both FC layer and underlying Si3N4.
5, 41 By observing the difference between the F/C ratios 

from the C1s spectra and F1s/C1s spectra, the fluorine reacted with the underlying Si3N4 was 

evaluated. Figure 2.4(b) measures the thickness of the HFC film remained on the Si3N4 surface 

after the Ar ion bombardment by angle-resolved XPS (AR-XPS) using the Si2p signal 

attenuation obtained from 20° and 90° take-off angles.30, 41 

The C1s spectra after FC deposition in Figure 2.3(b) show that C4F8 leads to strong C-

F/C-O, C-F2 and C-F3 peak intensity, whereas mixing H2 with C4F8 in Figure 2.3(e) produce 

surfaces that exhibit relatively low C-Fx peak intensity. Importantly, C3H3F3 overall minimizes 

the C-Fx peak intensities, i.e. fluorine content, for the deposited HFC film shown in Figure 

2.3(h). The comparison of the F/C ratios from the C1s spectra after deposition step also shows 

that C4F8-based FC film has the highest fluorine content, followed by C4F8/H2 and C3H3F3 (see 

Figure 2.4(a)). Since the ratio of F1s/C1s spectra is almost identical to the F/C ratios from the 

C1s spectra, most of the fluorine measured is from the deposited film, and has not reacted with 

the underlying Si3N4. The C1s spectra and F/C ratios confirm that the precursor chemistry used 

for ALE controls the fluorine content in the deposited film. The results also agree with the study 

by Li et al, suggesting that gaseous precursors with same degree of unsaturation or high F/C ratio 

can lead to fluorine-rich deposited FC films.26  
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FIG. 2.4. (Color online) (a) A comparison of the F/C ratios from the C1s and F1s/C1s spectra 

with ALE using C4F8, C4F8/H2 and C3H3F3 at the end of deposition and etching steps, 

respectively. (b) The thickness of the HFC film remained on the Si3N4 surface at the end of 

etching step for the three precursors.  
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FC film defluorination and reacted material removal take place for C4F8, C4F8/H2 and 

C3H3F3-based ALE during the etch step. The C1s spectra show the intensity reduction of the C-

Fx peaks in Figure 2.3(b), (e) and (h). The intensity of the C-C/C-H peak increase is connected 

with the FC film defluorination during etching, since the release of fluorine from the film 

contributes to the formation of a carbon rich layer.5, 47, 48 C3H3F3 showed a stronger C-C/C-H 

peak intensity after the etching step, implying that a carbon rich passivating layer remains on the 

surface in comparison to C4F8 and C4F8/H2. The F/C ratio from the C1s spectra after etching step 

(see Figure 2.4(a)) also shows the reduction of the fluorine content in the deposited HFC film. At 

the same time, the etching step also reduces the deposited FC film thickness, so the underlying 

Si3N4 will be exposed more to the fluorine etchant, introducing fluorination and etching of the 

reacted Si3N4.
5 The Si2p and F1s spectra after C4F8–based ALE (see Figure 2.3(a) and (c)) 

exhibit increased Si-NF and Si-OF peak intensities after the etching step. The F/C ratios from the 

F1s/C1s spectra is relatively higher than the ratios from the C1s spectra after etching step (see 

Figure 2.4(a)) supports that the fluorine etchant reacts with the underlying Si3N4 and results in 

Si3N4 fluorination. With the confirmation from the AR-XPS FC thickness measurements (Figure 

2.4(b)), we could conclude that etching of the FC film and fluorination of the Si3N4 underneath 

takes place. Comparison of C4F8, C4F8/H2 shows less remained HFC film and higher fluorination 

of the underlying Si3N4. Surfaces after C3H3F3-based ALE show least etching of the FC layer and 

negligible fluorination of the underlying Si3N4. 

The XPS difference spectra45 after FC film deposition and etching for C4F8, C4F8/H2 and 

C3H3F3 were used to clarify the extent of surface reactions and are shown in Figure 2.3(j-l). The 

spectra were normalized to the sum of the Si2p, C1s, N1s, O1s and F1s areal intensities corrected 



 

28 

 

 

with the relative sensitivity factors.46 The C1s difference spectra in Figure 2.3(k) confirms that 

C3H3F3-based ALE deposits contain the minimum amount of fluorine in the HFC film, whereas 

the use of H2 reduces both the F/C ratio of the deposited film and overall amount of the FC layer 

as compared to C4F8. The fact that H2 enhances the removal of the remaining FC film for the 

Si3N4 surface and causes less FC film coverage can be seen from the lowered intensity of the C-

C/C-H peak.  

The fluorination level of the underlying Si3N4 due to the fluorine etchant released from 

the deposited FC film as a result of Ar ion bombardment is mirrored by the areas of the Si-NF, 

Si-OF and F-SiON peaks in the Si2p and F1s intensity difference spectra shown in Figs. 2.3(j) 

and 2.3(l). In the F1s intensity difference spectra, C4F8 and C4F8/H2 shows strong fluorination on 

the underlying Si3N4, which is the reacted layer that will be etched in the etching step, whereas 

C3H3F3 shows little SiON-F peak formation. The formation of the F-SiON peak in the F1s 

spectra may be correlated with the Si3N4 loss before formation of a FC passivation layer and etch 

stop. Since Ar ion bombardment during the etching step causes removal of fluorinated products, 

the Si3N4 loss is positively correlated to the F-SiON peak area of the material. The XPS 

difference spectra qualitatively agree with the SiO2 and Si3N4 thickness changes measured by 

ellipsometry. For C4F8 and C4F8/H2-based ALE, more Si3N4 loss is required before a sufficiently 

thick FC passivating layer is established. The classical concept of gas mixing by combining C4F8 

and H2 does not reduce the material loss for FC-assisted ALE because of the strong loss of the 

surface passivation layer as a result of hydrogen induced etching of the FC film. 
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2.3.2 SiO2 and Si ALE 

Selective ALE of SiO2 over a Si underlayer was examined using the identical set of 

precursors just discussed for SiO2-Si3N4–SiO2 stacks. Results for SiO2-Si–SiO2 stacks are shown 

in Figure 2.5(a). For the FC assisted ALE based on C4F8, the Si thickness loss before establishing 

a sufficiently thick FC film to stop Si removal is about 9 Å. When C4F8 was mixed with H2, a 

higher thickness EPC of SiO2 and Si is observed and the Si thickness loss increases to ~40 Å at 

the 30th cycle. For C3H3F3-based ALE, a comparable SiO2 EPC to that when using C4F8 is 

observed. However, in this case a reduced Si EPC is seen for C3H3F3 once the process starts to 

etch Si. No more Si loss or Si EPC reduced to a negligible amount of less than 1 Å is observed 

after the 19th cycle. This shows that for a C3H3F3 ALE precursor a HFC passivation layer can 

rapidly build up and prevent Si loss. 

For a selective SiO2 ALE process, the Si thickness loss should be minimal. The precursor 

dependence of Si thickness loss before Si etching stop is shown in Figure 2.5(b). C3H3F3 has the 

minimum Si thickness loss (~2 Å) as compared to the other precursors examined (C4F8 ~10 Å 

and C4F8/H2 ~40 Å). This result reveals that high ALE selectivity can be achieved by optimizing 

the chemical structure and composition of the reactive film using different precursors. Our result 

also suggest that the concept of precursor mixing used in continuous plasma etching for 

improving SiO2 over Si ALE selectivity is ineffective for FC-assisted ALE since the times 

required for suppressing substrate etching are impractically long.   
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FIG. 2.5.  (Color online) (a) SiO2 and Si thicknesses at the end of each ALE cycle using C4F8, 

C4F8/H2 and C3H3F3 precursors. (b) Precursor chemistry dependence of Si thickness loss prior to 

Si etch stop as the result of formation of a passivation layer. 
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2.4 Discussion 

The chemical nature of the precursors in ALE has a more profound influence than that in 

a CW plasma to form a passivation layer with appropriate chemical makeup and achieve etching 

selectivity of materials. In CW plasma, etching selectivity is frequently achieved by mixing 

etching precursors and gas additives to control the thickness and chemistry of the deposited film 

and thus regulate etching behavior of selected materials.40, 49-54 Since reactive gases are 

continuously supplied into the chamber, the films formed on the surface are constantly being 

reformed and a steady-state surface film thickness forms.40 For C4F8/H2 CW plasma, the etching 

selectivity of SiO2 over Si can be achieved, since the H2 reduces the fluorine content of the 

steady-state passivation film formed on the surface by fluorine abstraction.50, 54-56 This can also 

lead to an enhancement of the FC film thickness on the Si surface which reduces penetration of 

etchant to the substrate.35, 40, 41 Our results show that the concept of mixing FC precursors with 

H2 in ALE does not enhance materials etching selectivity and increases substrate material losses. 

In an ALE approach, the injection of H2 can reduce the fluorine content of the FC layer on the 

surface but also decreases the overall thickness of the FC passivation layer, thus reducing etching 

selectivity. The XPS C1s difference spectra (see Figure 2.3(k)) show that the C-C/C-H peak 

intensity with C4F8/H2 is significantly lower than the intensity with C4F8, implying less FC film 

remaining on the surface after the etching step, which can be confirmed from the difference of  

F/C ratios and AR-XPS thickness. For the C3H3F3 precursor, we observed enhanced fluorine 

reduction of the deposited HFC layer on the surface without excessive thinning of the HFC 

passivation layer thickness as seen in the case of C4F8/H2 mixtures. For instance, the intensity of 

the C-C/C-H peaks of films deposited using C3H3F3 is comparable or slightly higher than the 
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intensity of the same peaks for C4F8 (see Figure 2.3(k)). Simultaneously, the use of C3H3F3 

enables ALE of SiO2 and Si3N4 or Si underlayer material losses at the Angstrom level.  

 

2.5 Summary and Conclusions 

In this work, the potential of utilizing a complex molecular precursor for achieving ultra-

high etching selectivity in ALE of SiO2 over Si3N4 or Si was studied by comparing its 

performance with gas mixtures, i.e. C3H3F3 relative to C4F8/H2. In contrast to CW plasma etching 

where use of gas mixtures is common and can be used for highly selective material removal, we 

find that this approach fails for ALE. In the case of CW plasma, the tailoring of the chemistry of 

a constantly refreshed steady-state surface passivation is required. This approach fails for the 

case of C4F8/H2-based ALE. H2 addition to C4F8 does not enhance materials etching selectivity 

and instead leads to more Si3N4 or Si loss. Our surface characterization data show that H2 not 

only reduces the C-Fx group content of the HFC deposited film, but also reduces the thickness of 

this reaction layer and leaves a greater amount of unbonded fluorine (F1s) which can readily 

react with the Si3N4 or Si surfaces during Ar bombardment. On the other hand, C3H3F3-based 

ALE enables reduced fluorine content of the deposited film without suppressing the formation of 

a HFC passivation film on the substrate, and results in ultra-high ALE selectivity with Angstrom 

level material loss. This work suggests that utilizing the molecular structure of HFC precursors 

in ALE offers significant advantages for achieving materials selective ALE. 
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ABSTRACT 

The early work of John Coburn and Harold Winters revealed a synergistic effect in ion-

enhanced Si etching by the concurrent irradiation of Ar+ and XeF2. This finding provided an 

important foundation for the development of plasma dry etching processes. The experimental 

results of Coburn and Winters also found effects that are useful for the development of atomic 

layer etching (ALE) processes characterized by a self-limited etch rate. ALE approaches are 

widely established and can be utilized in either directional or isotropic etching by employing 

proper surface modification and product removal steps. Nevertheless, the development of 

material selective ALE processes is still limited. An approach that combines substrate-selective 

deposition with etching opens a new processing window for selective ALE. We studied the 
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deposition behavior of mixtures of methane (CH4) with trifluoromethane (CHF3) and mixtures of 

methane with octafluorocyclobutane (C4F8), on HfO2 and Si surfaces. The experimental results 

show that a CH4/C4F8 mixture produces a comparable FC deposition thickness on both HfO2 and 

Si during the deposition step. In contrast, a CH4/CHF3 mixture deposits a FC film on Si, whereas 

it fluorinates the HfO2 surface with negligible FC deposition. Utilizing these behaviors allows for 

an ALE process based on CH4/CHF3 for selective removal of HfO2 over Si. Surface 

characterization data that provide mechanistic insights on these processes are also provided and 

discussed. 
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3.1 Introduction 

The work of John Coburn - to whom this special issue is dedicated - and his colleague 

Harold Winters has provided a foundation for the understanding of radiation-enhanced etching 

reactions.57-59 In Figure, 3.1(a) we reproduce the classic plot of ion-neutral synergy in ion-

enhanced steady-state etching published by Coburn and Winters57 and discuss how their 

quintessential experiment teaches how to perform atomic layer etching (ALE) based on ion 

stimulation. They studied the etch rate (ER) of amorphous Si subjected to fluxes of XeF2 gas 

alone, a 450 eV Ar+ beam and XeF2 together, and the 450 eV Ar+ beam alone. When both the 

XeF2 and Ar+ are simultaneously incident on the Si surface, the synergistic effect leads to a high 

ER of Si that exceeds the sum of the ERs obtained with each beam separately. Light mass ions, 

such as Ne+ and He+, with a different modification reactant, Cl2, also show a synergistic effect in 

the ER on Si.60 These findings show that using surface modification and ion bombardment 

concurrently on the surface enhances the ER, and provides an important foundation for 

directional plasma-based dry etching processes.61 

Self-limited ALE is based on a temporally decaying neutral-ion synergy effect that 

vanishes as the neutral surface coverage disappears. This process is also evident in the original 

result of Coburn and Winters. In addition to the synergistic effect during simultaneous neutral-

ion exposures, the original plot of Coburn and Winters in Figure 3.1(a) also shows the influence 

of changes in neutral coverage and evidence of how self-limited etching may be achieved during 

the transitions. The excess fluorination of the amorphous Si formed during the XeF2 gas-only 

experiments results in an initial increase of the Si ER as both the Ar+ and XeF2 interact with the 
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Si surface as compared to the steady-state. One possible interpretation is that a steady-state ER of 

Si is only established once the rate of surface fluorination and Si removal reaches a stable 

situation. Another example is the transition from having both the Ar+ and XeF2 present to just 

Ar+ beam bombardment only. The temporal data show how the Si ER is significantly reduced 

with processing time until finally a removal rate of Si solely corresponding to physical sputtering 

is reached. The reduction of the Si ER is due to the removal of residual fluorination of the Si 

surface during the period when Ar+ ion beam irradiation is performed. Such etching behavior is 

similar to a typical ALE process as shown in Figure 3.1(b), where the surface with precursor 

exposure undergoes chemical modification and the subsequent Ar+ bombardment removes one or 

multiple reacted layers. In fact, a combination of XeF2 gas injection in step 1, followed by Ar+ 

beam irradiation in step 2, is consistent with the ALE method, as shown in Figure 3.1(a) and 

3.1(b). The experimental result published by Coburn and Winters uncovers not only the 

synergistic effect but also contains information on how self-limited ion-based ALE may be 

achieved. Clearly, this requires reducing the Si ER to a diminished value during the surface 

functionalization step, e.g. by lowering temperature in the case of F-based Si etching or using Cl2 

or other halogens to suppress spontaneous Si etching. Secondly, low energy ion bombardment is 

helpful to reduce the physical sputtering rate. Nevertheless, this rate is small relative to the initial 

ER seen during step 2.  
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Fig. 3.1 (Color online) (a) Ion-enhanced etching of amorphous-Si using XeF2 gas and a 450 eV 

Ar+ beam, from Coburn and Winters. Reprinted with permission from ref (57). Copyright 1979 

American Institute of Physics. (b) Schematic illustrating a typical ALE sequence that is similar 

to the concept of the early work published by Coburn and Winters (redrawn after Oehrlein et 

al12).  

 

3.2 Technical Motivation Review 

ALE approaches offer advantages that include simplified process steps, self-limited 

etching, pattern transfer fidelity, and potentially ultra-high etching selectivity for the future 
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development of integrated circuits (ICs).12, 14, 15, 62, 63 This approach is now widely established.  In 

addition to ions4, 8, 33, light64, 65, electrons21-23, 57, 66, or heating67-70 is used as an alternative for 

product removal. For example, Athavale and Economou demonstrated Si ALE using chlorine gas 

that chemisorbs on the Si surface. The sequential Ar+ beam sputters away a monolayer of the 

chlorinated Si.4 Additionally, it is possible to perform the surface modification step using ions to 

change the material in a directional fashion, and then apply thermal techniques for product 

removal. Isotropic ALE can be conducted in a manner where precursor gases and/or radicals are 

used for surface modification to modify the material followed by a ligand exchange or heating 

process to remove the product.71, 72 

All of these ALE approaches need to fulfill the processing requirement of selective 

removal. The following section will discuss the mechanism of establishing selective ALE and its 

limitations. Since the integration of substrate-selective deposition and etching potentially opens a 

new window for selective ALE, a brief summary of recent studies in area selective deposition 

(ASD) is included as well. In the last section, we will investigate the selective ALE based on the 

substrate-selective deposition. 

 

3.2.1 Achieving Material Etching Selectivity in ALE.   

Material etching selectivity in ALE can be based on different mechanisms. For instance, 

Cl2-based ALE of Si uses the thermodynamically favorable chlorination of Si, so a sequential 

low energy Ar+ bombardment step allows for the selective removal of the chlorinated Si layers 

but not SiO2 or unreacted Si.2-4 Consistent with this concept, Kanarik et al suggested that when 

reactants chemically modify an etching material, the modified material has lower bond energy 
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than the non-etching material. The energy difference provides a processing window to achieve 

material selective ALE.73 If this approach is feasible for every etching process, the selectivity of 

ALE should be easily obtainable. 

Silicon-to-SiO2 etching selectivity is easily achieved due to a higher energy threshold of 

chlorinating SiO2 (230 kJ/mol), compared with that of chlorinating Si (-159 kJ/mol).1 

Nevertheless, using a Cl2-based precursor to weaken the binding energy of the etching material 

has limitations, for example, etching SiO2 with selectivity to Si is not feasible. Metzler et al 

developed a fluorocarbon (FC)-based ALE process, composed of a cyclic sequence of FC 

deposition and etching steps, to realize as self-limited layer-by-layer etching of SiO2.
8, 33, 74 In the 

deposition step, an injected FC reactant is dissociated and then deposits a thin FC layer on the 

SiO2 surface, fluorinating the underlying material. The subsequent etching step employing low 

energy Ar+ ion bombardment induces further mixing and enables removal of the fluorinated 

layer.75 

FC-based ALE processes are capable of achieving the etching selectivity of SiO2 over 

Si6-8 based on a much higher FC consumption rate of SiO2 as compared to Si. By optimizing the 

processing parameters, including deposition thickness, substrate bias power and etching step 

length (ESL), it enables a steady etch amount per cycle (EPC) of SiO2 while simultaneously 

building up a thick FC passivation layer on top of Si to mitigate material loss. Many papers 

discussed the processing parameters in FC-based ALE regarding the selectivity of SiO2/Si5, 7, 76, 

77, SiO2/Si3N4
30, 77, 78, and Si3N4/Si31, 32.  

However, FC-based ALE requires a transition for building up a passivation layer on the 

non-etching area, which naturally causes some degree of material loss. Huard et al modeled this 
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transient behavior for ALE of SiO2 and Si3N4 by varying the deposition thickness and ESL.77 

Under the optimal ratio of the deposition thickness and ESL, a FC-based ALE can quickly 

develop a passivation layer on Si3N4 while maintaining a steady-state EPC of SiO2. In addition to 

parameter optimization, surface pretreatment can be used to minimize this transient duration or 

to control etching selectivity. Gasvoda et al investigated a selective organic functionalization on 

SiO2, but not on Si3N4, for controlling the EPC.79 The SiO2 surface is functionalized using 

bis(dimethylamino)dimethyl silane in the gas phase, which reacts with the surface –SiOH groups 

in a self-limiting manner. After this reaction, the SiO2 surface is formed with Si-CH3 groups, 

whereas Si3N4 is not functionalized. Since the Si-CH3 groups on SiO2 prompt the formation of a 

passivation layer, such surface functionalization demonstrates hydrofluorocarbon (HFC)-based 

ALE of Si3N4 with selectivity to SiO2. Fundamentally, selectivity can be obtained for material 

systems that have also demonstrated selectivity in continuous wave (CW) plasmas. 

The above-mentioned approaches do not work well for etching high dielectric (high-k) 

materials, such as HfO2, with selectivity to Si because of the low volatility of halogen-terminated 

etching products, e.g. fluorinated HfO2.
80 Even with Cl2 or BCl3 etchants, HfO2 etching still 

requires a certain level of ion energy81-83 or an elevated substrate temperature84, 85 to facilitate the 

removal of etching byproducts. These methods inevitably cause extra Si losses, deteriorating the 

etching selectivity of HfO2 to Si. Moreover, emerging non-volatile memory (NVM) applications 

increasingly adapt HfO2 in resistive random-access-memory (ReRAM), where the etching recipe 

containing Cl2-based chemistries potentially induces a serious concern for corrosion.86 Thus, 

there is a need to develop a new selective ALE approach. Some pioneering studies73, 87 showed a 

concept that integrates area selective deposition with etching to achieve etching selectivity. The 
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selective deposition step builds up a passivation layer on the non-etching area, allowing the 

subsequent etching step to remove the material in the etching area. We will briefly summarize 

the recent progress in area selective deposition (ASD) before discussing an ALE approach that 

utilizes substrate-selective deposition. 

 

3.2.2 Area Selective Deposition   

ASD is a bottom-up approach that features self-aligned patterning by selective deposition 

on the surface of specific materials. The selectivity of ASD is based on the seeding energy 

difference between the growth and the non-growth area. Film deposition takes place immediately 

when the surface is favorable for the nucleation and growth of precursor, whereas the non-

growth area has an energy barrier for formation of nuclei.  

The deposition selectivity, however, is incrementally degraded as precursor begins to 

arrive at the substrate surface, so an approach to reinforce the selectivity is required. These 

approaches include, but are not limited to a) sample pretreatment to prolong the incubation 

time88-91, b) non-growth area deactivation92-99 by self-assembled monolayers (SAMs), c) ASD by 

surface activation100, 101, d) ALD super-cycles with an inhibitor step90, e) super-cycles consisted 

of an etching step to restore an incubation time on the non-growth area102-107, among others.  

One of the examples for non-growth area deactivation by SAMs is shown in Figure 3.2. 

The SAM comprises a head group and tail, where the head group selectively deposits on the non-

growth area and the tail is chemically inert to ALD precursors. F. Hashemi et al used 

octadecylphosphonic acid self-assembled monolayers (ODPA SAMs) to form a blocking layer 

on the surface of copper, including CuO, Cu2O and Cu, but the SAMs did not chemically adsorb 
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on SiO2. The sequential ALD process is allowed to deposit a dielectric film on the patterns. An 

etchant, then, is applied for selectively removing the SAMs and any residual deposited dielectric 

film on the Cu surface, without the interference of the dielectric film on SiO2. 

 

Fig. 3.2 (Color online) is a schematic illustrating ODPA SAMs that deactivate the ALD 

processing on Cu oxide, enabling a dielectric film deposited on SiO2. The sequential treatment of 

the acid solution selectively removes the SAMs. Reprinted with permission from ref (96). 

Copyright 2015 American Chemical Society. 

Besides surface deactivation by SAMs, area selective ALD (AS-ALD) by super-cycles 

that combine with a selective etching step has been extensively studied. The processing 

schematic is shown in Figure 3.3. For example, Vallat et al introduced a super-cycle of the 

NF3/O2/Ar etching step in the Ta2O5 ALD process to remove an undesired Ta2O5 layer on the Si 

non-growth areas and reestablish selective deposition.108 Furthermore, the non-growth area can 

be chemically deactivated by an inhibitor prior to ALD steps to prolong an incubation time. 

Mameli et al demonstrated the use of an acetylacetone inhibitor suppressing the seeding of the 

SiO2 ALD precursor, bis(diethylamino)silane, on the Al2O3 surface.90 A combination of an 

inhibitor step prior to an ALD process and super-cycles with an etching step potentially can 
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maximize the deposition selectivity. Several literatures104, 109-112 have detailed and thoroughly 

reviewed the recent developments in AS-ALD. 

 

Fig. 3.3 (Color online) the selectivity of AS-ALD is improved by introducing super-cycles of a 

selective etching step. Reprinted with permission from ref (104), 

https://doi.org/10.1021/acs.chemmater.8b03454 . Copyright 2018 American Chemical Society. 

 

3.2.3 Substrate Selective Deposit-Based ALE 

Once ASD and/or AS-ALD can precisely cover a given area, it enables substrate selective 

deposit-based ALE. The deposited film can be used for coating a passivation layer on the non-

etching area for the improvement of etching resistance. A sequential etching step easily removes 

the material in the etching area where there is no deposition film. A novel way of selective ALE 

utilizing selective deposition and etching steps is potentially feasible. (To clarify the terminology 

used in this section, ASD can be used for describing the deposition selectivity that is derived 

from the different substrate materials or positions, e.g. the sidewall relative to the top of a fin 

structure. In substrate-selective deposition, the selectivity is achieved between different substrate 

materials. For the evaluation of selective ALE, the approach of substrate-selective deposition is 

https://doi.org/10.1021/acs.chemmater.8b03454
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more favorable.) Exploiting the phenomenon of material selective deposition to achieve selective 

ALE has not yet been demonstrated. In this work, we study a FC-based ALE approach that 

involves material selective deposition73, 87 for etching HfO2 with selectivity to Si. 

FC-based continuous wave (CW) plasma hardly etches HfO2 due to the low volatility of 

etching byproducts. Hafnium tetrafluoride (HfF4) has a boiling point of 970 °C under one 

atmosphere, whereas the boiling point of fluorinated Si (SiF4) is -86 °C.18, 113, 114 The nature of 

FC-based CW plasma restricts the processing window to achieve etching selectivity of HfO2 

over Si, even with H2 additives to enhance fluorine abstraction and increase the HFC deposition 

yield on Si.18, 80, 115 ALE based on sequential processing steps, i.e. cyclic deposition and etching 

steps, involves non-steady state plasma-surface interactions, since the reactants are not 

constantly supplied to the substrate surface. The chemical structure of precursors significantly 

affects the plasma surface interaction.12, 16, 76, 116 Takahashi and Ono studied etching products of 

HfO2 using Ar/C4F8 and Ar/C4F8/H2 CW plasmas by quadrupole mass spectroscopy (QMS).113, 

115 Their results suggested that H2 additives in a FC plasma prompt the evaporation of fluorinated 

HfO2 products by forming HfCHx
+ (x = 0-4) and HfHxF

+ (x = 0-2) organometallic volatile 

products and enhance the deposition yield on Si. CHF3-based ALE delivers a higher deposition 

yield on Si than SiO2.
5 These results indicate that evaluating the surface interactions of HFC/FC 

precursors on HfO2 during an ALE process may be promising with regard to exploiting 

differences in HFC film formation on HfO2 as compared to Si towards establishing HfO2/Si 

etching selectivity. 

The first part of this work evaluates the deposition behavior of HFC/FC mixtures on 

HfO2 and Si for ALE sequences. The experiments are mainly focused on the thickness evolution 
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of the deposited HFC films. X-ray photoelectron spectroscopy (XPS) analysis is also used to 

understand the surface chemistry evolution related to the chemical structure of the studied 

precursors at each step. The second part of this work focuses on applying FC-based ALE to 

achieve selective ALE of HfO2 relative to Si-based on the phenomenon of substrate selective 

deposition. A brief summary discusses the relation between the major reactive species generated 

from the HFC/FC plasmas and surface interactions at the conclusion of this paper. 

 

3.2 Experimental 

The experimental setup closely matches that used in our previous publications8, 30, 76 and 

is briefly described. This work was conducted using an inductively coupled plasma (ICP) 

reactor. A stovetop-like, water-cooled coil with a diameter of 16 cm above a 19-mm-thick quartz 

coupling window was powered by a 13.56 MHz power supply with an L-type matching network. 

The plasma was confined within an anodized Al confinement ring with a 195 mm diameter. A Si 

substrate with a 125 mm diameter was located 150 mm below the top electrode on an 

electrostatic chuck and can be independently biased at the radiofrequency (RF) of 3.7 MHz. The 

base pressure achieved before processing was in the 1  10-7 Torr range. The temperature of the 

25  25 mm2
 sample was stabilized by substrate backside cooling at 10 °C during plasma 

processing. To minimize environmental impacts during the sample exchange, a load lock and 

vacuum transfer system was used for all experiments. The detailed configuration of the plasma 

reactor can be found in the references35, 36. Before each experiment, O2 plasma-based cleaning 

and Ar plasma-based conditioning processes were employed to ensure that the condition of the 

reaction chamber remained consistent.37, 117 An in situ ellipsometer with a He-Ne laser operating 
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at a wavelength of 632.8 nm mounted on the plasma reactor allowed us to study material 

thickness changes in real-time.38 The sampling rate of the ellipsometer was set to 5 Hz (0.2 

seconds per point) for all experiments. 

Two sets of multi-layer stacked samples: a) ALD-HfO2/Si/SiO2 with a thickness of 

3/10/30 nm and b) Si/SiO2 with a thickness of 5/30 nm deposited on a Si substrate were used to 

evaluate the deposition behavior on HfO2 and Si surfaces. Annealed HfO2, which exhibits higher 

etching resistance compared to ALD-HfO2 due to its higher degree of crystallinity, was also 

employed.118, 119 The material is widely used as gate material because of the high thermal 

stability and better electrical characteristics, compared to those of SiO2 and ALD-HfO2.
120 In 

order to study the etching performance, including the ability to etch annealed HfO2 and etching 

selectivity of annealed HfO2 relative to Si, we also prepared annealed HfO2/Si/SiO2 by rapid 

thermal annealing (RTA) in a furnace at 700 °C in N2 flow at 2 Torr for 30 seconds. 

The ALE experiments were conducted using a FC-assisted ALE procedure, where a 

steady-state Ar plasma is utilized in conjunction with a periodic injection of a defined amount of 

precursor gases and synchronized plasma-based Ar+ ion bombardment. The detailed process 

sequence is shown in Figure 3.4, and is similar to our previous work.7, 30, 76 All plasma processes 

presented in this work operate with a source power of 200 W and a 50 standard cubic centimeters 

per minute (sccm) Ar carrier gas flow at a processing pressure of 10 mTorr. The ALE process 

consists of a deposition step and an etching step. In the deposition step, a selected set of 

precursors was injected with a duration of 2 seconds to deposit a 10 Å thick FC/HFC film on the 

substrate. This step was followed by a 12-second purge step to pump out the residual precursor 

gas. The precursors studied include a) mixtures of methane (CH4) with octafluorocyclobutane 
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(C4F8) and b) mixtures of methane with trifluoromethane (CHF3). Information on the precursor 

gases is listed in Table 3.1. The mixing ratio of the studied precursors were a) a 1:1 mixture of 

CH4/C4F8 and b) a 1:1 mixture of CH4/CHF3.   

For the etching step, a -15 V RF bias voltage was applied with an etching step length 

(ESL) of 18 seconds, accelerating Ar+ ions to a maximum kinetic energy of 30 eV to react the 

deposited film and substrate. Since the film thickness deposited by the selected set of precursors 

may be different on HfO2 and Si surfaces, the experiment was set to deposit a 10 Å thick film on 

Si at the beginning cycles by fine-tuning the mass flow controller to control the amount of 

injected precursor gases. The same amount of precursor injection was applied for HfO2.  

Surface chemistry modification with regard to precursor chemistry was obtained by XPS 

analysis of processed samples at the end of the deposition and etching steps. The samples were 

transferred under ultrahigh vacuum (UHV) to a Vacuum Generators ESCALAB MK II surface 

analysis system for XPS measurements. Photoelectrons were emitted using a non-

monochromated Al Kα x-ray source (1486.6 eV). High-resolution scans of the Hf4f, Si2p, C1s, 

O1s, and F1s spectra were obtained at 20 eV pass energy at two takeoff angles, 20° (shallow 

probing depth ≈20-30 Å) and 90° (deep probing depth ≈80 Å), with respect to the sample surface. 

The spectra were calibrated by the binding energy position of the C-C peak to 285 eV and fitted 

using least square fitting after Shirley background subtraction.39, 40 The Hf4f spectra were fitted 

using hafnium dioxide (HfO2)
121, 122, at 16.7 eV and 18.2 eV for Hf4f7/2 and Hf4f5/2, and 

fluorinated hafnium oxide (HfOxFy)
18, at 18.6 eV and 20.3 eV for Hf4f7/2 and Hf4f5/2. The Si2p 

spectra were fitted using elemental Si, Si-F, Si-F2, Si-F3, Si-O2 and Si-OxFy at 99.3 eV, 100.5 eV, 

101.5 eV, 103 eV, 103.4 eV and 104.2 eV, respectively.5, 39, 41, 121 The FC deposition film in the 
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C1s spectra was fitted using C-C/C-H, C-CFx, C-F/C-O, C-F2 and C-F3 at 285 eV, 286.2 eV, 

287.9 eV, 290.2 eV and 292.6 eV, respectively.5, 41, 80, 121, 123 The adventitious carbon 

contamination on a pristine sample in the C1s spectra was fitted using C-C, C-O-C and O-C=O 

for 285 eV, 286 eV and 288.5 eV, respectively.121 The O1s spectra were fitted using Hf-O, –OH, 

and Hf-OxFy at 530.4 eV, 531.7 eV and 532.2 eV, respectively.121, 122, 124 The F1s spectra were 

decomposed into Hf-OxFy and F-C at 685.5 eV and 688.5 eV, respectively.18, 44, 80  

 

 

Table 3.1. Molecular formula, name and structure of precursors used in this work. 

Molecular Formula Name Structure 

CH4 Methane 
 

CHF3 Trifluoromethane 

 

C4F8 Octafluorocyclobutane 
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Fig. 3.4 (Color online) is a schematic diagram of the atomic layer etching (ALE) cyclic process. 

The deposition step employs reactant injection and deposition on the substrate followed by a 12 s 

purge step to remove the residual reactants from the processing chamber. The etching step 

introduces a substrate bias for ion-assisted chemical etching of the FC deposition film and 

reacted layer. The experiment was designed to study the deposition behaviors on HfO2 and Si, so 

the deposition parameter was set to obtain a 10 Å thick deposition on Si at the end of the 

injection step in the beginning cycles and apply the same injection amount of the reactant to 

HfO2 to observe any differences in the deposition yield. 

 

3.3 Results and Discussion 

3.3.1 Comparison of CH4/C4F8 And CH4/CHF3 on Si And HfO2 

3.3.1.1 Deposition Behavior 

The thickness change of the deposited HFC film for the CH4/C4F8-based ALE sequence 

on Si and HfO2, respectively, is shown in Figure 3.5(a) and (b). Figure 3.5(a) shows that some 

deposited FC remains on the Si surface at the end of the etching step and gradually builds up 

with the number of process cycles. The FC buildup is due to the combination of a low FC 

consumption rate by Si and the use of a short ESL of 18 s and -15 V bias power for the etching 

step.5, 30, 40, 77, 125 Figure 3.5(b) shows that the CH4/C4F8 mixture also deposits a ~10 Å thick film 

at the end of the precursor injection step on the HfO2 surface, and leads to FC accumulation after 

a few processing cycles. Overall, the use of the CH4/C4F8 mixture for ALE process cycles 

produces comparable deposition film thickness on Si and HfO2. 
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Fig. 3.5 (Color online) The evolution of the deposition film using the CH4/C4F8 mixture on (a) Si 

and (b) HfO2, respectively. Process parameters were selected to yield a 10 Å HFC film thickness 

on Si during each cycle, where were then applied to HfO2 to study substrate-dependent 

deposition.  

For comparison, the profiles of the deposited HFC thickness on Si and HfO2 obtained 

with a CH4/CHF3 ALE sequence are summarized in Figs. 3.6(a) and (b). As in the previous 

experiments, the deposition parameters were designed to obtain ~10 Å thick film on Si during 

initial cycles and then these conditions were applied to HfO2. Figure 3.6(a) shows ~10 Å 
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deposited HFC film on Si at the end of the CH4/CHF3 precursor injection step along with some 

desorption of the deposited film for the first two cycles, possibly related to changes in the 

chamber wall conditions.37, 75 The subsequent etching step resulted in a partial removal of the 

deposited film and some deposition accumulating on top of Si. Using the CH4/CHF3 mixture 

produced similar FC accumulation on Si as seen for the CH4/C4F8 mixture. 

The deposited HFC film for the CH4/CHF3 mixture on HfO2 behaved differently from 

that seen on Si. During the first few cycles, the deposited HFC film thickness at the end of the 

precursor injection step was less than 2 Å. Furthermore, the deposited film underwent a 

desorption reaction during the purge step, as shown in Figure 3.6(b). The subsequent step applied 

a -15 V RF bias voltage on the substrate, which removed the residual FC film and some 

underlying HfO2 layers. At the 7th and 8th cycles, the thickness of the deposited film at the end of 

the injection step increased to ~6 Å, and the removed deposition thickness during the purge step 

became less significant. During these nine cycles, a CH4/CHF3 mixture in the ALE sequence did 

not lead to the buildup of a deposited film on HfO2 and, contrarily, resulted in a steady ER on the 

underlying HfO2. We used in situ ellipsometry to observe a deposition yield difference on HfO2 

and Si surfaces with a 1:1 mixture of CH4/CHF3 in the ALE sequence. 
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Fig. 3.6. (Color online) The evolution of deposited HFC film on (a) Si and (b) HfO2, respectively 

when using CH4/CHF3. Process parameters were selected to yield 10 Å HFC film thickness on Si 

during the initial cycles and were then applied to HfO2.  

To differentiate the evolution of the deposition thickness, Figure 3.7(a) depicts the FC 

deposition thickness formed by the CH4/C4F8 and CH4/CHF3 mixtures on Si and HfO2 surfaces at 

the end of each deposition step. The CH4/C4F8 mixture deposited a comparable film thickness of 

~10 Å or more on both HfO2 and Si surfaces in the observed twelve cycles. The CH4/CHF3 

mixture, in comparison, did not deliver more than a 2 Å thick film on HfO2 in the first seven 
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cycles. On Si, however, the same set of precursors steadily deposited more than a 9 Å thick film 

from the second cycle onwards. We also evaluated the deposition thickness difference between 

HfO2 and Si surfaces by subtracting the HFC thickness on HfO2 from that on Si. The evaluation 

shows the evolution of substrate-dependent deposition. The result is shown in Figure 3.7(b). A 

CH4/C4F8 mixture obtained a deposition thickness difference between HfO2 and Si of less than 1 

Å within the studied twelve cycles. On the other hand, a CH4/CHF3 mixture revealed more than a 

7 Å thickness difference between the deposited HFC film thickness on HfO2 and Si surfaces in 

the first seven cycles. The difference in deposited thickness decreased over subsequent cycles, 

reaching 5 Å at the twelfth cycle.  

Additionally, the amount of HfO2 removed or deposition built up on HfO2 within a cycle 

was measured by subtracting the film thickness at the beginning of the deposition step from the 

thickness at the end of the etching step. Figure 3.7(c) summarizes the thickness evolution of the 

deposited film and HfO2 with CH4/CHF3 and CH4/C4F8 mixtures, respectively. A reduction of 

the overall film thickness in a cycle was interpreted as an absence in the buildup of the deposited 

film, which corresponds to the removal of the underlying HfO2. At the same time, a thickness 

increase was attributed to a deposition buildup on the HfO2 surface. A CH4/C4F8 mixture in the 

ALE sequence resulted in negligible HfO2 etching in the 1st cycle and then an incremental 

buildup of deposition from the 2nd to 12th cycle. It is important to note that a CH4/CHF3 mixture 

in the same sequence produced an EPC corresponding to ~0.5 Å per cycle for HfO2.  
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Fig. 3.7. (Color online) (a) A comparison of the deposition thickness at the end of the deposition 

step on HfO2 and Si using CH4/CHF3 and CH4/C4F8, respectively. (b) Deposition thickness 

differences between Si and HfO2 with CH4/CHF3 and CH4/C4F8, respectively. (c) The thickness 

evolution of the deposited FC and HfO2 film with the selected set of precursors. 
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3.3.1.2 Model of Non-Selective and Selective Deposition Precursors 

In situ ellipsometry showed that the selection of the precursor controls the HFC 

deposition behavior difference for HfO2 and Si. The CH4/C4F8 mixture deposited a similar 

thickness on both materials, but the CH4/CHF3 mixture produced a deposition thickness 

difference of more than 7 Å during the first nine cycles. The deposited film formed by 

CH4/CHF3 on HfO2 desorbed, suggesting that the precursor chemistry determines substrate-

dependent deposition.  

XPS spectra for processed HfO2 and Si samples by the CH4/C4F8 mixture at the end of 

the deposition and etching steps in the 4th cycle were collected. The data of Figures 3.8(a)-(d), 

depict the Hf4f, C1s, O1s and F1s spectra for the HfO2 sample with a takeoff angle of 90°. The 

data of Figures 8(e)-(g) show the Si2p, C1s and F1s spectra for Si at an electron takeoff angle of 

90°.  
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Fig.3.8 (Color online) XPS analyses on the HfO2 and Si films treated by CH4/C4F8 after the 

purge and etching steps, respectively, in the 4th cycle. The (a) Hf4f, (b) C1s, (c) O1s and (d) F1s 

spectra present the surface chemistry during each step on HfO2. In comparison, the (e) Si2p, (f) 

C1s and (g) F1s spectra show the surface chemistry evolution on Si. 

The XPS results are consistent with the ellipsometric data. The appearance of the C-CFx, 

C-F and C-F2 peaks in the C1s spectra in Figure 3.8(b) and (f) suggest the formation of a FC 

(and/or HFC) film on both HfO2 and Si in the 4th cycle at the end of the purge step. The 

intensities of the C-F and C-F2 peaks in Figures 3.8(b) and (f) had only a negligible difference, 

indicating that the CH4/C4F8 mixture deposits a similar F/C ratio of the film on HfO2 and Si. The 

following etching step shows that Ar+ ion bombardment contributes to an intensity reduction of 

the C-F peak with an intensity increase of the HfOxFy and SiOF peaks. This result suggests that 
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ion bombardment removes some deposited FC and simultaneously provides fluorine etchants 

from the FC film reacting with the underlying material. The C4F8 and C4F8/H2 precursors in an 

ALE sequence also provide a similar reaction during the etching step, where the ion 

bombardment drives the underlying layer fluorination.
5, 8, 75, 76 Importantly, the XPS spectra in 

Figure 8 imply that the main reactants dissociated from the CH4/C4F8 mixture behave in a similar 

manner on HfO2 and Si during ALE sequences. 

The surface chemistry evolution of HfO2 and Si after the CH4/CHF3 mixture processed at 

the end of the deposition and etching step of the 4th cycle was investigated by XPS analysis as 

well.  Figures 3.9(a)-(d) present the Hf4f, C1s, O1s and F1s spectra for the HfO2 sample at an 

electron takeoff angle of 90°. Figures 3.9(e)-(g) show the Si2p, C1s and F1s spectra for Si at an 

electron takeoff angle of 90°. The C1s spectra for the processed HfO2 in Figure 3.9(b) show a 

negligible intensity of C-F peaks, indicating that no deposited film remains on the surface at the 

end of purge step in the 4th cycle. The etching step followed by low energy Ar+ ion bombardment 

does not result in an intensity reduction of the C-C/C-H peak. Only the existence of the C-C/C-H 

peak provides evidence of residual ALD precursors of the initial HfO2.
122 In comparison, the Si 

sample processed by a CH4/CHF3 mixture at the end of the purge step retains the C-F peaks. This 

result agrees with the adsorption of FC film on Si as observed by in situ ellipsometry. The 

subsequent etching step reduces the intensity of the C-C/C-H and C-F peaks, revealing a partial 

removal of the deposition on the Si surface. XPS spectra confirm the CH4/CHF3 mixture in ALE 

sequences that exhibits substrate-dependent deposition. 

The changes in the Hf4f spectra from a pristine sample to the processed samples at the 

end of the purge step in Figure 3.9(a) show that the injection of a CH4/CHF3 mixture leads to a 
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fluorination reaction on HfO2 layers. The appearance of the Hf-OxFy peak but no intensity of the 

Hf-O peak in both O1s and F1s spectra at the end of the purge step, as shown in Figure 3.9(c) 

and (d), indicates that HfO2 layers undergo a high degree of fluorination. The subsequent etching 

step with Ar+ ion bombardment does not increase the fluorination level of the HfO2 layers. In 

contrast, the Si2p and F1s spectra in Figure 3.9(e) and (g) show that Si undergoes a lower degree 

of fluorination at the end of the purge step. The subsequent etching step sputters the deposited 

FC film, which leads to the underlying Si having a higher degree of fluorination. The CH4/CHF3 

mixture results in different surface reactions on HfO2 and Si during the deposition step. The main 

dissociated reactant in plasma potentially is an important factor for the precursor deposition 

behavior.  
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Fig. 3.9. (Color online) XPS analyses on the HfO2 and Si films treated by CH4/CHF3 after the 

purge and etching steps, respectively, in the 4th cycle. The (a) Hf4f, (b) C1s, (c) O1s and (d) F1s 

spectra present the surface chemistry during each step on HfO2. In comparison, the (e) Si2p, (f) 

C1s and (g) F1s spectra show the surface chemistry evolution on Si. 

The removal of HfO2 and degradation of the substrate-dependent deposition with the 

CH4/CHF3 mixture was also studied using the Hf4f, Si2p, C1s, O1s and F1s spectra, as shown in 

Figure 3.10. The Hf4f, O1s and F1s spectra shown in Figure 3.10(a), (d) and (e) display an 

intensity reduction of the Hf-OxFy peaks at the end of the etching step for the 4th to 8th processing 

cycle, indicating the removal of fluorinated HfO2 layers. An intensity increase of the Si 

elemental peaks also is consistent with the removal of the top HfO2 layers and more exposure of 

underlying Si layers. The C1s spectra of Figure 3.10(c) show a deposited film at the end of the 

deposition step of the 8th cycle, suggesting that the CH4/CHF3 mixture gradually loses its 

inherent selectivity with a deposition delay on HfO2. Another possible cause for losing 

selectivity is the formation of an intermixing layer between HfO2 and Si during the process, 

likely during the etching step. Overall, selective deposition is observed on Si but not on HfO2 if a 

CH4/CHF3 mixture is used during an ALE sequence. Integrating this feature with proper etching 

parameters is promising with regard to achieving selective ALE of HfO2 over Si by forming a 

passivation layer on Si. 
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Fig. 3.10. (Color online) (a) Hf4f, (b) Si2p, (c) C1s, (d) O1s and (e) F1s XPS spectra of the 

sample (with the film scheme of a 3 nm ALD-HfO2/5 nm Si/30 nm SiO2 on a Si substrate) 

processed by CH4/CHF3 after four and eight cycles, respectively.  

 

3.3.2 CH4/CHF3-Based ALE of HfO2 with Selectivity to Si 

To evaluate the etching performance of an actual material stack using substrate-selective 

deposition, an annealed multi-layer sample consisting of 3 nm HfO2/10 nm Si/30 nm SiO2 on a 

Si substrate was used. The purpose was to study whether the CH4/CHF3-based ALE process is 

capable of removing the top annealed HfO2 layer with a thickness of 3 nm. The process also 

needed to selectively deposit a thick FC film to prevent Si etching and minimize underlying Si 

loss. The psi-delta map obtained by in situ ellipsometry using an Ar/CF4 CW plasma with a high 
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substrate bias to etch back the annealed sample is shown in Figure 3.11(a). The layers were 

labeled top (HfO2), intermediate (Si) and bottom (SiO2). The ALE experiment focused on the top 

two layers. The experimental result is previously shown in Figure 3.7(c) suggests that the set of 

etching parameters applied can deliver a low EPC of HfO2. To improve the EPC of HfO2 and 

minimize the amount of Si loss before the formation of a passivation layer, several processing 

parameters were optimized. These included the ratio of the CH4/CHF3 precursor gases to a 1:2 

ratio, a -20 V RF bias voltage, and a 13 s ESL. The other parameters were the same as those 

given in Figure 3.4. The approach of fine-tuning the processing recipe was based on a) an 

increase in halogen species in the injection step, and b) a slightly higher RF bias voltage in the 

etching step. These changes prompted a greater EPC of etching materials, but a tradeoff was 

more material loss in the non-etching area before the development of a thick passivation layer. A 

reduced ESL, then, was utilized to accelerate the buildup rate of a deposition film on the non-

etching area without having a substantial impact on the EPC of the etching area. A detailed 

discussion on tuning the FC-based ALE processing parameters for optimizing a passivation layer 

can be found in the references.6, 7, 30  

The psi-delta map of the optimized ALE processing for the annealed HfO2 sample was 

superimposed on the etchback data and is shown in Figure 3.11(a). The ALE processing began 

with the etching of the top annealed HfO2 layer. As the depletion of the top layers continued, the 

trajectory moved along the path corresponding to Si etching with some buildup of deposited FC. 

For measured trajectories along the path denoted “FC buildup on Si,” formation of a sufficiently 

thick HFC passivation layer on the Si surface takes place that stops the etching of underlying Si 

layers. In contrast to the conventional method of calculating an etching selectivity by the ER 
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differences of two materials within a given period, ALE selectivity can be evaluated by the 

amount of non-etching material loss before etching is stopped. In this work, the amount of Si loss 

can be used to measure the selectivity of the CH4/CHF3-based ALE process. In the ellipsometric 

model shown in Figure 3.11(b), the dense dotted line indicates the extent of Si loss after the full 

removal of the top annealed HfO2 layer. The dashed line represents no further Si loss with the 

formation of FC deposition, while the thickness loss of the underlying Si reaches 15 Å. The 

results confirm that a CH4/CHF3-based ALE process which utilizes substrate-dependent 

deposition is capable of etching annealed HfO2 with selectivity relative to Si.  
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Fig. 3.11. (Color online) (a) The in situ ellipsometry data of Ar/CF4 etchback on a sample (with a 

film scheme of 3 nm annealed HfO2/5 nm Si/30 nm SiO2 on a Si substrate) and a CH4/CHF3-

based ALE process with the optimal processing parameters on the identical scheme sample. (b) 

Ellipsometric modeling of the etching of the top HfO2 and underlying Si films. The dashed line 
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describes the formation of a FC passivation layer with a corresponding 1.5 nm Si loss before a Si 

etching stop occurs. 

To evaluate the evolution of the ALE process on the annealed sample, the thickness 

change of the HfO2 and Si layers at the end of the etching step was studied, as shown in Figure 

12(a). Plasma ignition with a 10 mTorr Ar carrier gas occurs prior to the first processing cycle, 

likely sputtering away some surface impurities and/or HfO2-like materials. The processing from 

the 1st to 13th cycle, then, delivers a steady EPC of 0.7 Å per cycle until depleting the top HfO2 

layer and reaching an interface between HfO2 and the underlying Si layers, i.e. just etch and no 

over etch (0% OE). Since an etching process typically requires a certain degree of OE to ensure 

surface cleanliness, various degrees of OE of 0%, 20%, 50%, and 100% have been indicated and 

provide a measure of the corresponding Si losses. The 100% OE indicates that another 13 cycles 

were performed with the specimen after reaching the interface. Significantly, the Si etching stop 

developed after a 100% OE with a 13.7 Å Si thickness loss, and any further processing cycles 

did not contribute to extra Si loss. 

The detailed etching profiles of the 4th to 6th cycles during the HfO2 etching was 

superimposed on the profile of the 17th to 21st cycles during the underlying Si etching in order to 

evaluate the phenomenon of substrate-dependent deposition with a CH4/CHF3 mixture. The plot 

of this etching profile is shown in Figure 3.12(b). In the HfO2 etching region, the precursors were 

deposited on the top of HfO2 during the injection step, but the deposition underwent a desorption 

reaction during the purge step. The attained thickness of the deposition on HfO2 at the end of the 

purge step is less than 2 Å, which facilitates the removal of the HfO2 layer by utilizing low 

energy Ar+ ion bombardment. In comparison, the deposited film continuously builds up on top of 
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the Si during the purge step, attaining a thickness on the surface of more than 10 Å. A thick 

deposited FC film buffers the Si layer from Ar+ ion bombardment during the etching step and 

contributes to the formation of a passivation layer. The substrate-selective deposition through a 

CH4/CHF3 mixture on HfO2 and Si surfaces realizes the ALE selectivity. 
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Fig. 3.12. (Color online) (a) HfO2 and Si thickness at the end of each ALE cycle using a 

CH4/CHF3-based ALE process. (b) The profile of the HfO2 and FC thickness in the 4th to 6th 

cycles of the HfO2 etching region was superimposed on the profile of the FC and Si thickness in 

the 17th to 21st cycles of the Si etching region.  

XPS spectra of Hf4f, Si2P, C1s, O1s and F1s were also obtained to establish if the 

sample surface has any residual HfO2 remaining at  just etch (0% OE). The detailed data is 

shown in Figure 3.13. After processing, the Hf-O peaks in the Hf4f and O1s spectra disappeared, 

and a greater intensity of elemental Si is observed in the Si2p spectra. The transformation of the 

peak intensities indicates that the substrate surface has no HfO2 remaining in respect to more 

exposure of the underlying Si. A few HfOxFy peaks, observed in the Hf4f, O1s and F1s spectra, 

are considered to be an etching byproduct on the surface. The thickness of the HfOxFy layer can 

be calculated using angle-resolved attenuation modeling, which utilizes an attenuation of Si2p 

photoelectrons by the top HfO2 or HfOxFy layer. The attenuation equation 125  

𝑑𝐻𝑓𝑂2 = 𝜆 [
cos𝜑 cos𝜑′

(cos𝜑 − cos𝜑′)
] ln(

𝐼𝑆𝑖2𝑝

𝐼𝑆𝑖2𝑝
′ ) 

(1) 

was used, with the electron inelastic mean free path (IMFP) in the HfO2 film  equal to 

21.7 Å.126 The calculated thickness of the unprocessed HfO2 layer in a pristine sample is ~29 Å, 

whereas that of the HfOxFy etching byproduct on the substrate at the end of the etching process 

(0% OE) is ~7 Å. The processed sample surface typically also shows etching byproducts, 

including carbon and SiOF intermixing layers. The intermixing layer dramatically affects the 

Si2p intensity and reduces the accuracy of the calculated byproduct thickness using the 

attenuation model. The real thickness of the HfOxFy byproduct on Si is expected to be thinner 
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than the calculated value. The XPS spectra show that the CH4/CHF3-based ALE process can 

substantially remove the annealed HfO2 layer with an initial thickness of ~29 Å. 
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Fig. 3.13. (Color online) (Color online) XPS spectra comparing a pristine sample with a treated 

sample by a CH4/CHF3-based ALE process after 13 cycles at the end of the HfO2 etching region 

(no over-etching). The spectra include (a) Hf4f, (b) Si2p, (c) C1s, (d) O1s and (f) F1s.  

 

3.3.3 Discussion 

A comparison of the deposition behavior of HFC films on HfO2 and Si surfaces shows 

that a CH4/CHF3 mixture exhibits substrate-dependent deposition, but a CH4/C4F8 mixture does 

not. The current work shows that the CH4/CHF3-based ALE process can etch annealed HfO2 

with selectivity to Si. To understand this difference, it is necessary to investigate the mechanism 
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of substrate-selective deposition, particularly the plasma dissociated radical and surface 

interactions. This section will begin with a review of dissociated radicals from C4F8 and CHF3 

gases and the effect of CH4 additives. Then, a surface reaction model based on XPS analysis is 

proposed to explain the different process outcomes seen for the various precursor sets that were 

examined for Si and HfO2. A summary of our experimental results with implications for the field 

of ASD will be discussed in the final part of this section. 

We postulate that the dissociated species of C4F8 and CHF3 gases during the precursor 

injection step regulate surface reactions, in particular, F, CF, CF2 and CF3 radicals, resulting in 

surface fluorination and/or FC deposition. CFx (x = 1-3) radical densities in plasma control the 

deposition yield on the substrate surface, so a higher radical density likely contributes to a higher 

deposition yield.9, 127, 128 Schaepkens et al estimated CF and CF2 radical densities using the 

apparatus used in the current work for C4F8 and CHF3 plasmas by employing infrared diode laser 

absorption spectroscopy (IRLAS).117 In their work, C4F8 plasma produced CF and CF2 radical 

densities with partial pressures of 0.065 mTorr and 2.475 mTorr, respectively. They used a flow 

rate of 10 sccm, chamber process of 13 mTorr, and inductive power of 600 W. In comparison, 

the CHF3 plasma produced CF and CF2 radical densities with partial pressures of 0.041 mTorr 

and 0.99 mTorr, respectively, under the same inductive power and gas flow rate as the above-

mentioned C4F8 plasma but at a reduced chamber pressure of 10 mTorr. Since the partial 

pressure of a dissociated radical is proportional to the radical density, we can infer that the 

average CF and CF2 radical densities in the C4F8 plasma are higher than that those in the CHF3 

plasma. Similar to Schaepkens’s experiments, Miyata et al also estimated the CFx (x = 1-3) 

radical density in electron cyclotron resonance (ECR) plasmas with C4F8 and CHF3 gases by 



 

70 

 

 

IRLAS.129 They found results consistent with Schaepkens that the CF and CF2 radical densities 

in the C4F8 plasma under a roughly similar processing condition are on the range of 1011-1012 cm-

3 and 1012-1013 cm-3, respectively. The CHF3 plasma dissociated to produce lower CF and CF2 

radical densities than those produced in the C4F8 plasma as well. Additionally, the CF3 radical 

density in the C4F8 plasma at the microwave power of 200 W increased to be on the order of 1013 

cm-3, whereas that in the CHF3 plasma was on the order of 1012 cm-3.129 The radical density 

difference between these two plasmas is possibly a result of the dissociation cross-section of 

C4F8 being larger than that of CHF3.
129, 130 This difference leads to the C4F8 plasma showing a 

higher degree of dissociation. As a result, the C4F8 plasma provides a relatively high density of 

CFx (x = 1-3) radicals onto the substrate surface. 

The above-mentioned radical density measurements were conducted without a carrier 

gas. Since our studies of the ALE processing sequence, including the deposition step, uses a 50 

sccm Ar carrier gas, the use of carrier gas may cause a deviation from these radical density 

measurements. Li et al compared the chemical composition of the deposition films from C4F8 

and C4F8/80% Ar plasmas by using XPS.131 The C1s spectra revealed that the Ar carrier gas 

contributed to a small reduction of the C-F2 intensity along with a slight increase in C-CFn/C-O 

intensities for a 300 nm thick deposition film. Metzler et al studied the FC deposition yield using 

Ar/C4F8 and Ar/CHF3 on Si and SiO2 in an ALE sequence.5, 7 Their results showed that under the 

same amount of precursor injected in a cycle, an Ar/C4F8 gas chemistry deposits a film three to 

five times thicker than an Ar/CHF3 gas chemistry. Ar carrier gas in ALE sequences results in a 

slight impact on the composition of the deposited film, but it does not affect the relative behavior 

differences between C4F8 and CHF3 plasmas.  
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An additional factor affecting surface reactions is the adsorption of F radicals which 

results in surface passivation via surface fluorination reactions. Hebner et al measured the SiF 

radical density in inductively driven discharges containing C4F8 and CHF3 gases through laser-

induced fluorescence (LIF).132 This approach allowed the researchers to measure the number of F 

radicals interacting with the Si wafer and forming SiF etching byproducts. The relative SiF 

density generated by CHF3 was four times more than that generated by C4F8 under the 

processing conditions of 200 W coil power, 10 mTorr pressure, and no substrate bias. These 

findings suggested that the C4F8 plasma tends to form a FC polymerization layer due to a 

relatively high CFx (x = 1-3) radical density. The CHF3 plasma, on the other hand, produces a 

high density of F radicals fluorinating the substrate surface. 

A key issue concerning the effect of adding CH4 to Ar/C4F8 and Ar/CHF3 plasmas 

concerns the question of whether or not CH4 can serve as a fluorine scavenger in an ALE 

sequence and may remove fluorinated HfO2. The electron impact in plasma induces CH4 

dissociation, producing hydrogen and hydrocarbon (HC) radicals, such as H, CH, CH2, CHF3 and 

C2H5.
133-136 The dissociated H species easily react with the F radicals originating from FC and 

HFC precursors to form HF products. Therefore, the relative concentration of CFx (x = 1-3) 

radicals is significantly increased with a 50% CH4 addition to C4F8 and CHF3 plasmas.137 For the 

deposition film, the substrate bias power is related to the C/H ratio.138-140 Fox-Lyon et al showed 

that in an Ar/CH4 plasma a high substrate bias power provides the carbon-rich deposition 

film.141, 142 Since our ALE sequences do not apply any bias during the deposition step, CH4 

additives result in a hydrogen-rich deposition film. These hydrogen-rich depositions enable a 

removal pathway of fluorinated HfO2 by forming HfCHx
+ (x = 0-4) and HfHxF

+ (x = 0-2) volatile 
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products.115 Without these products, using a -15 V substrate bias power in the etching step does 

not meet the energy threshold of sputtering annealed HfO2 and/or fluorinated HfO2. 

To understand the behavior of CH4/C4F8 and CH4/CHF3 mixtures on HfO2 and Si, it is 

necessary to establish a plasma-surface interaction model that includes the major dissociated 

radicals. The XPS spectra in Figures 3.8 and 3.9 are consistent with reactants that determine the 

result of the surface reactions. When using a CH4/CHF3 mixture, fluorination of HfO2 takes place 

during the Ar/CHF3/CH4 deposition step and produces a chemically stable compound, 

fluorinated HfO2. On the other hand, Si produces volatile SiFx with incoming F, and thus allows 

fluxes of FC and HC species to deposit HFC films on the Si surface. In the case of a CH4/C4F8 

mixture, the XPS spectra in Figure 8 suggest a low degree of fluorination of the underlying HfO2 

and Si layers, which enables the primary flux of FC and HC species to deposit on both surfaces. 

Figure 3.14 summarizes the surface reaction for HfO2 and Si with the CH4/CHF3 and CH4/C4F8 

mixtures in an ALE process. 

In accordance with our experimental results, many studies suggest that a fluorinated 

surface hinders the adsorption of a fluorine-containing precursor.106, 143, 144 For example, a pre-

treatment consisting of a NF3 plasma on a SiO2 film suppresses the deposition of tungsten 

hexafluoride (WF6) nucleation seeds in a tungsten chemical vapor deposition (W-CVD) 

process.143 In a W-ALD process, Kalanyan et al found that adding H2 during the WF6 step 

process promoted the fluorination of SiO2 due to the formation of HF gas. The fluorinated SiO2 

layer reinforced the deposition selectivity of Si over SiO2.
144 However, the approach of using 

fluorination passivation on the non-growth area should consider the volatility and chemical 
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stability of the fluorinated surface in order to minimize the undesirable adsorption of nucleation 

seeds.89  

One of the shortcomings of substrate-selective deposition is that the selectivity is 

gradually degraded as the number of nucleation sites on the non-growth area increases.112 An 

inherent deposition selectivity is based on the nucleation rate differences on various substrates, 

where non-growth areas have an incubation time for the adsorption of the nucleation seed.145, 146 

When the number of seeding site reaches the point where it overcomes the energy barrier of 

growth on the non-growth area, the growth reaction starts to take place, and the deposition is no 

longer material selective. A similar mechanism is indicated in the case of an Ar/CH4/CHF3 

mixture interacting with the HfO2 surface. Figure 3.7 shows that after seven cycles, the deposited 

thickness on HfO2 at the end of the injection step is dramatically increased, suggesting that a 

greater number of carbon nucleation sites on the HfO2 surface in the later cycles enables 

adsorption of HFC reactants. This change results in a loss of material selectivity in an ALE 

process. 

To reinforce deposition selectivity, research on AS-ALD has introduced the concept of a 

super-cycle that introduces an etching step to enhance selective deposition by restoring surface 

conditions for the non-growth areas. For example, selective epitaxial growth (SEG) of Si by 

chemical vapor deposition (CVD) uses an etchant gas, typically HCl, added to the precursor 

mixture to remove undesired nucleation seeds on SiO2 non-growth areas.147-150 It is essential for 

future studies to identify a way to restore an incubation time on the non-growth area, which 

reinstates the etching selectivity for ALE. 
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Fig. 3.14. (Color online) illustrates the surface reaction using CH4/CHF3 and CH4/C4F8, 

respectively, on HfO2 and Si, which is consistent with the XPS data shown in Figure 8 and 9. (a) 

A CH4/CHF3 mixture during the deposition step generates a high flux of fluorine, resulting in a 

highly fluorinated HfO2 surface which temporarily suppresses the FC deposition. The following 

step utilizing low energy Ar+ ion bombardment facilitates the etching of fluorinated HfO2. (b) 

For Si, a mixture of CH4/CHF3 is able to deposit a ~10 Å film due to silicon functioning as a 

reducing agent to remove excess reactive fluorine. In the etching step, the deposited film buffers 

Si layers from the ion bombardment, with some H, C, and F remaining on top of the Si. (c) and 

(d) A CH4/C4F8 mixture deposits a comparable thickness (~10 Å) on both HfO2 and Si surfaces 

due to a high flux of FC and HC species carrying a similar reactivity to both materials. In the 

etching step, low energy Ar+ ion bombardment sputters the deposited film and prompts the ion-

enhanced fluorination of underlying materials. As a result, a CH4/CHF3 mixture on HfO2 and Si 

is able to provide a substrate-dependent deposition. 
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3.4 Summary and Conclusions 

This work studied the deposition behaviors of two precursor mixtures, CH4/C4F8 and 

CH4/CHF3, injected into a steady Ar plasma on HfO2 and Si surfaces. The results of in situ 

ellipsometry and XPS measurements show that at the end of the purge step, the CH4/C4F8 

mixture produces deposited films on both HfO2 and Si of comparable thickness. In contrast, the 

use of CH4/CHF3 mixtures shows substrate-selective deposition between HfO2 and Si. The 

deposited film generated by CH4/CHF3 on HfO2 desorbs during the purge step, with negligible 

HFC film deposition remaining on the HfO2 surface at the end of the purge step. For Si, the 

CH4/CHF3 mixture deposits a FC film with a thickness of more than 10 Å after the purge step.  

To understand the deposition behavior difference, a surface reaction model based on XPS 

analysis of the surface conditions was proposed. This model postulates that the CH4/C4F8 

mixture produces a high density of CFx (x =1-3) and CHy radicals, which leads to a comparable 

deposition thickness on HfO2 and Si surfaces. In contrast, the CH4/CHF3 mixture generates a 

higher density of F radicals and a lower density of FC precursors. These F radicals enable the 

fluorination reaction on the HfO2 surface, which suppresses the adsorption of FC and HC 

species. On the Si surface, the effect of F radicals is mitigated by the formation of volatile SiFx 

products, so the FC and/or HC film can deposit freely. The deposition behavior difference 

between the CH4/C4F8 and CH4/CHF3 mixtures reveals that the chemical structure of the 

precursor used in ALE sequences can dictate substrate-selective deposition.  

Based on substrate-selective deposition with the integration of low energy Ar+ ion 

bombardment, an innovative ALE process with a CH4/CHF3 mixture allows us to develop an 

etching selectivity of annealed HfO2 relative to Si. We optimized the processing parameters, 
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including a higher F amount in the injection step, an increased bias RF voltage, and a reduction 

of the ESL, for a greater EPC of HfO2. The resulting process is able to etch through a ~29 Å 

annealed HfO2 film with the formation of a passivation layer on Si. The measured Si thickness 

loss is less than 13.7 Å before the Si etching stop occurs. The XPS spectra are consistent with the 

results observed by in situ ellipsometry at the interface between the fully depleted top HfO2 and 

just exposed underlying Si. The developed CH4/CHF3-based ALE process can substantially 

remove the annealed HfO2 layer with an initial thickness of 29 Å. 

The implementation of substrate-selective deposition with a combination of low energy 

Ar+ ion bombardment allows for realizing selective ALE. The deposition becomes inherently 

less selective with the adsorption of nucleation seeds on the etching area, which degrades the 

performance of an ALE process. It is important for future studies to focus on an approach that 

restores the surface state to reestablish etching selectivity.  
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ABSTRACT 

Electron-based surface activation of surfaces functionalized by remote plasma appears like a 

flexible and novel approach to atomic scale etching and deposition. Relative to plasma-based dry 

etching which uses ion bombardment of a substrate to cause controlled material removal, 

electron-beam induced etching (EBIE) is expected to reduce surface damage, including atom 

displacement, surface roughness, and undesired material removal. One of the issues with EBIE is 

the limited number of chemical precursors that can be used to functionalize materials. In this 

work we demonstrate a new configuration that was designed to leverage the possibility for 

flexible surface functionalization using a remote plasma source, and combining this with an 
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electron beam (EB) source the purpose of which is to remove the chemically reacted surface 

layer through electron-stimulated desorption (ESD). This article describes an experimental 

configuration consisting of a remote plasma source and an electron flood gun for enabling 

electron beam-induced etching of SiO2 with Ar/CF4/O2 precursors. We evaluated the parametric 

dependency of the processing parameters of the flood gun, including electron energy and 

emission current (EC), and of the remote plasma source, including radiofrequency (RF) source 

power and flow rate of CF4/O2, to SiO2 etching rate (ER). Additionally, two prototypical 

processing cases were demonstrated, by simultaneously or temporally assembling the remote 

plasma treatment and the electron beam irradiation steps, to validate the performance in etching 

applications, such as photomask repair and atomic layer etching (ALE) of SiO2. Surface 

characterization results that provided mechanistic insights on these processes are also presented 

and discussed. 
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4.1 Introduction 

 Plasma etching utilizes the ion-neutral synergy effect to achieve pattern transfer on a 

substrate, and is extensively used in semiconductor manufacturing.11, 111, 151-153 As the feature 

size of transistors has shrunk to the sub-10 nm scale, the conventional continuous-wave (CW) 

plasma process no longer meets the processing requirements, including profile control and 

etching selectivity. The recent development of plasma-enhanced atomic layer etching (ALE) that 

temporally separates a deposition step and an ion bombardment step can improve etching 

selectivity, such as Si over SiO2
3, 4, 33, 74 and SiO2 over Si3N4 

5, 30, 76, 77, 154, 155. Several works in the 

literature present detailed reviews of the recent developments in plasma-enhanced ALE.12, 14-16, 87, 

155 However, plasma intrinsically develops a sheath potential on a substrate, resulting in 

inevitable material losses and defect formation. C4F8-based ALE, for example, develops a -15 V 

sheath potential on the substrate, leading to SiO2 and Si losses at the beginning of the deposition 

step.7 Other studies have identified that defects can be created on Si and soft materials exposed 

to Ar plasma, including atom displacement33, 156-158 and the formation of another surface layer 

that decreases pattern transfer fidelity.159-161 Therefore, the direct plasma is not ideal for high 

fidelity pattern transfer. There is a need to utilize an alternative approach enabling desorption of 

a reacted layer without damage. 

 Exploiting an electron beam (EB) in combination with a flux of chemical precursors for 

material etching is a feasible approach for mitigating plasma damage because the mass of 

electrons is orders of magnitude smaller than the mass of ions. Electron beam-induced etching 

(EBIE) is based on EB irradiation of the surface which has physically or chemically adsorbed 

chemical etchants to promote electron-simulated desorption (ESD).19, 66, 162-164 Coburn and 
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Winters demonstrated that the combination of EB and XeF2 removes SiO2 and Si3N4.
57 Other 

studies investigated different precursors for EBIE of metals165-167, carbon168-170, germanium171, 

172, and Si-based materials20, 57, 66, 173-176. A comprehensive review of the development in EBIE is 

listed.21-23, 177, 178 One challenge is that the limited number of chemical precursors that can be 

used for surface functionalization in EBIE as compared to the number of available etchants that 

are combined for “plasma chemical etchants” in plasma etching to achieve selective material 

removal. There are two limiting factors: 1) few precursors can adsorb and cover the substrate 

surface,20 and 2) the adsorbates can form volatile etching products under EB irradiation.21-23 

Additionally, gas-phase hydrocarbon impurities in the reactor may participate in surface 

reactions and stop desorption of etching products.21-23, 177 To achieve damage-free pattern 

transfer and expand available etchants in EBIE, we evaluated a new approach that integrates a 

remote plasma source with an electron flood gun. As shown in Fig 4.1, a remote plasma source is 

used to generate a flux of neutrals, especially radicals, for surface functionalization, and a flood 

gun is used to emit an electron flux that stimulates the removal of the modified layer. By using a 

remote plasma it is possible to improve the surface adsorption of gas-phase precursors on a 

specimen and directly regulate the chemistry of surface functionalization, e.g. by changing the 

relative gas flow rates of CF4 and O2. The flood gun and remote plasma can be employed 

simultaneously or separately. With the assistance of remote plasma, this experimental 

configuration can offer more available etchants for EBIE. 

  This article begins with a description of co-introduction of EB and remote plasma for 

SiO2 etching, and then describes screening experiments aimed at evaluating the dependence of 

SiO2 etching rate (ER) on processing parameters. Both plasma etching and EBIE have a 
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comprehensive understanding of SiO2 etching, which is used as a basis for examining our 

concept. We explore the parametric dependencies on flood gun and remote plasma operating 

variables of the SiO2 ER. In situ ellipsometry is used to monitor surface modification and 

etching. We also study a sequential treatment that involves remote plasma-based surface 

treatment and subsequent EB irradiation, and characterize the surface chemistry evolution. Since 

the EB only irradiates a portion of the sample, whereas the remote plasma modifies the whole 

surface, a comparison of the surface area portions with and without electron irradiation can be 

used to clarify the influence of EB bombardment on surface chemistry. For this we employ small 

area and angle-resolved XPS analyses for surfaces with different electron fluxes. The 

characterization results provide a fundamental understanding of the new experimental 

configuration. 

 

FIG. 4.1. (Color online) Schematic diagram of the concept of co-introduction of radicals and 

electrons onto a SiO2 surface to enable a novel etching process. 
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4.2 Experimental 

The experiments were conducted in a vacuum reactor, comprised of a flood gun on the 

top of the chamber and an electron cyclotron wave resonance (ECWR) remote plasma source on 

the side (Fig. 4.2(a)). The base pressure of the reactor before a process is at 110-7 Torr, and the 

reactor pressure with precursor injection is raised to 1.8 mTorr. The flood gun used is a 

commercial Kimball Physics EGA-1012 Electron Gun with a standard yttria-coated disc cathode. 

The cathode at room temperature can be exposed to atmospheric gases without damage, and the 

minimum vacuum to run this cathode is 10-5 Torr. A differential pump unit (DPU) was designed 

and installed to improve the vacuum level in the flood gun chamber. The DPU bottom was 

attached to a custom-made pressure-limited aperture (PLA), establishing a pressure ratio between 

the reactor (110-3 Torr) and the flood gun chamber (110-6 Torr) of about 1000. The remote 

plasma source consists of a COPRA DN160 ECWR plasma source running at 13.56 MHz 

radiofrequency (RF) with a neutralization plate.179 The neutralization plate was made by 

electrically grounding an aluminum plate covered with Kapton tape and a 4-inch diameter quartz 

plate at the center to mitigate plasma erosion. The neutralization plate is to filter out the ions 

generated by the ECWR plasma source, allowing only neutrals to diffuse into the reactor. Prior 

studies have presented a detailed description of this remote plasma source180, 181 and the 

characterization of etching results on Si-based materials182-185. The ECWR effect requires an 

additional static magnetic field, exploiting the interaction of an electromagnetic wave with 

plasma.179 Most experiments were conducted at a 400 W RF source power and 1.8 mT static 

magnetic fields to the ECWR system. A 200-second pretreatment that introduced both flood gun 
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and remote plasma was applied to each sample for removing adventitious carbon and surface 

contamination before a processing step. Typical processing parameters were for the remote 

plasma use of an Ar/CF4/O2 flow rate of 10/1/4 SCCM, and for the flood gun use of 1000 eV 

electrons at 0.5 mA emission current (EC) and a 100 V control grid. The sample holder is made 

of electrically grounded stainless steel with the backside cooled by circulating water at 10 °C.  
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FIG. 4.2. (Color online) (a) Schematic diagram of the apparatus integrated an electron source and 

a radical source. Picture of the calibration phosphor screen under (b) a 1000 eV electron beam 

with the control grid voltage of 100 V and (c) the electron beam and in situ ellipsometry laser.  

 The flood gun consists of a cathode, a control grid, and an anode for independent control 

of electron energy, EC, and beam convergence angle. The voltage between cathode and anode 

regulates the electron energy, ranging from 5 eV to 1000 eV. Cathode temperature governs the 

flux of emitted electrons, where EC is proportional to working temperature. A high working 

temperature, however, accelerates the evaporation rate of the yttria coating and reduces the 

filament lifetime. The maximum EC under 1000 eV electron energy can emit a current up to 1.5 

mA. Our experiments employed a 0.5 mA or lower EC to extend the lifetime of the flood gun. 

Calibration of the beam diameter on a substrate was done by utilizing a customized phosphor 

screen with 2 mm spacing grids from Kimball Physics. The in-vacuum length of the firing unit 

was adjusted for meeting a 38.3 mm working distance from the flood gun outlet to a substrate, so 

a 1000 eV EB with the maximum grid voltage, 100 V, produced a ~5.5 mm beam diameter on 

the calibration screen (Fig. 4.2(b)). In the case of studying the dependency of electron energies 

on etching performance, the control grid voltage was adjusted accordingly to keep the spot size 

constant. Beam current was measured using a Faraday cup connected to a picoammeter. Our 

experimental setup with the installation of a PLA provides the ratio between beam current and 

EC of about 70%. Most of the experiments employed 1000 eV electron energy with a 0.5 mA EC 

and a 100 V grid voltage, generating a current density of 1.5 mA/cm2 (9.41015 cm-2 s-1). 

 In situ ellipsometry with a He-Ne laser operating at a wavelength of 632.8 nm mounted 

on the reactor allowed us to study surface modification and etching in real-time.38 The 
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ellipsometry laser was aligned using the calibration phosphor screen to a location where a 1000 

eV focused electron beam was irradiated, as shown in Fig. 4.2(c). Therefore, the ellipsometer can 

collect the psi-delta value of the area treated by remote plasma, electron beam, and its 

combination. The sampling rate of the ellipsometer was set to 5 Hz (0.2 seconds per point) for all 

experiments. 

 XPS analyses have been performed at the end of a processing step to measure surface 

chemistry evolution under the influence of electron bombardment. The samples were transferred 

under vacuum to a Vacuum Generators ESCALAB MK II surface analysis system for XPS 

measurements. Small area XPS measurement with the diameter of analysis area of 5-6 mm was 

used to probe surface portions interacting with and without an electron flux with the remote 

plasma.186 High resolution scans of the Si2p, C1s, O1s, N1s, and F1s spectra were obtained at 20 

eV pass energy at an electron take-off angle of 20° (shallow probing depth ≈20-30 Å) and 90° 

(deep probing depth ≈80 Å) with respect to the sample surface. The spectra were fitted using the 

least square fitting after Shirley background subtraction.39, 40  

 

4.3 Results and Discussion 

4.3.1 Remote Plasma on SiO2 and Poly-Si 

 The characterization of the SiO2 and poly-Si ER on remote plasma operating parameters 

provided a foundation, including the flux of reactive neutrals, before moving to the study of 

etching processes involving the co-introduction of remote plasma and EB. Operating conditions 

were 10 SCCM Ar flow rate, variable CF4/O2 gas mixtures with a total CF4 and O2 gas flow rate 

of 5 SCCM, a source power of 400 W, and 1.8 mT DC magnetic fields. The reactor chamber was 
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held at 1.8 mTorr with the presence of the DPU and PLA. Ar is used as a carrier gas to dilute the 

concentration of gas-phase reactants to minimize erosion of the yttria-coating disc in the flood 

gun.  

 SiO2 and poly-Si ERs under remote plasma as a function of variation of CF4/O2 flow 

rates are shown in Fig 4.3. CF4/O2 remote plasma delivers the maximum F flux at 20% O2 and 

has been explained by CF4 oxidation reactions.181, 182, 184, 185 The operating conditions with more 

than 20% O2 increased the partial pressure of reactive oxygen species, leading to surface 

oxidation as a primary surface reaction. Since poly-Si etching is a spontaneous, chemically 

driven reaction, the Si ER directly mirrors the flux of fluorine reactants from the remote plasma 

source and peaks at 20% O2. The operating condition at more than 20% O2 resulted in a 

decreased poly-Si ER. SiO2 etching, in contrast, is mainly an energy-driven reaction, e.g. by ion 

or electron bombardment. No SiO2 ER was observed for all oxygen concentrations. 

 The minimum effective F flux from remote plasma can be estimated using the measured 

poly-Si ER induced by fluorination of silicon. We assume that one silicon atom reacts with four 

fluorine atoms for the production of a silicon tetrafluoride (SiF4) molecule with unit reaction 

probability. This provides the minimum effective F flux in the range between 61012 cm-2s-1 to 

51014 cm-2s-1. Other groups187-191 have measured the reaction probability that shows an inverse 

dependence with F flux, from 0.03 at a F flux of 1012 cm-2s-1 to 0.001 at a F flux of 1020 cm-2s-1. 

Assuming these measured reaction probabilities near 0.01 for our conditions, we can estimate 

that for Ar/CF4/O2 remote plasma a F flux between 61014 cm-2 s-1 to 51016 cm-2 s-1 is provided 

for our conditions. 
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FIG. 4.3. (Color online) The etching rate of SiO2 and poly-Si using remote plasma with various 

CF4/O2 flow rates. 

 

4.3.2 Co-introduction of Electron Beam and Remote Plasma for SiO2 Etching 

 After evaluating the SiO2 and poly-Si ER for remote plasma only, the work moved to 

screen the dependence of SiO2 ER on processing parameters when EB and 40% O2 remote 

plasma were applied simultaneously. We examined four processing parameters, i.e. EC and 

electron energy of the electron flood gun, and the RF source power and flow rate of CF4/O2 of 

the remote plasma source. Since the electron beam diameter is regulated by the electron energy 

and control grid voltage, the grid voltage was adjusted accordingly for the experiment with 

different electron energies to keep the beam diameter unchanged. Investigating the first two 

processing parameters is commonly found in electron beam-induced processes.21, 22, 66, 166, 192 

Plasma etching often examines the effect of source plasma and precursor chemistry toward the 
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effect of material modification and etching.11 A study of the parametric dependency provides a 

better understanding of this new experimental configuration. 

 The result of varying ECs and electron energies is shown in Fig. 4.4. The operating 

condition of remote plasma was kept at a 400 W source power, 1.8 mT magnetic fields, and a gas 

flow rate Ar/CF4/O2 of 10/3/2 SCCM, respectively. SiO2 ER is positively correlated to the 

applied EC in the range from 0.005 mA to 0.3 mA. As the applied EC was higher 0.3 mA, SiO2 

ER did not get further increased but suppressed. We postulate that the ER profile in Fig. 4.4(a) 

may be related to the transition from electron-limited to mass transport-limited regimes.192 In the 

electron-limited regime, the electron flux on a substrate regulates surface reactions, including the 

dissociation rate of adsorbates. When the electron flux was higher than a certain threshold, the 

SiO2 ER was limited by transport of gaseous reactants to the surface, such as the replenishment 

rate of adsorbates, the average residence time of the neutral species, and the desorption rate of 

etching products. Our flood gun does not have a function of controlling the dwell time. Electrons 

continuously impinge on the substrate surface, which dramatically degrades the replenishment 

rate of adsorbates.66, 166, 192 

 Fig. 4.4(b) summarizes the impact of reducing electron energy from 1000 eV to 300 eV 

on SiO2 ER. The figure shows that the SiO2 ER decreases with applied electron energy, where 

300 eV electron energy produced a faster ER than 1000 eV. The possible ways of electron-

adsorbate interaction include electron attachment, neutral dissociation, and dissociative 

ionization.164, 193 The probability that a pathway takes place depends on the energy dependence 

of the corresponding cross-section. Typically, at an electron energy of about 100 eV the cross-

section for dissociation ionization66, 194-198 reaches a maximum. This may explain the observation 
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that 300 eV electrons are more efficient for energy deposition to adsorbates than 1000 eV 

electrons. The experimental result of screening the parametric dependency in the flood gun 

against SiO2 ER is consistent with what has been found in studies of EBIE of SiO2.
21, 66 

 

Fig. 4.4. (Color online) The SiO2 etch rate as a function of (a) emission current and (b) electron 

energy. 
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 Next, we explored the effect of remote plasma processing parameters on SiO2 ER. The 

operating condition of the flood gun was kept at 1000 eV electron energy, a 0.5 mA EC, and the 

control grid of 100 V. A summary of the dependence of SiO2 ER on RF source power and 

CF4/O2 flow rates of the remote plasma source is shown in Fig. 4.5. RF power is used to control 

the energy input into the ECWR plasma source, where a high RF power enhances the 

dissociation rate of injected precursor gases,199-202 and thus controls the number of radicals in the 

reactor. Fig 4.5(a) shows that a variation of RF power with an EC below 0.05 mA did not lead to 

significant ER difference. A higher EC of 0.5 mA produced a noticeable ER dependence on RF 

power. We postulate that the SiO2 ER profile in Fig 4.5(a) can be explained by energy-limited 

(electron flux) and mass transport-limited (radical flux) regimes. When EC was at 0.05 mA or 

below, the SiO2 removal was limited by the electron flux, and RF power that controls the 

dissociation rate of the remote plasma does not affect the SiO2 ER. For higher electron currents, 

the etching rate became mass transport-limited. At that point, the RF power that controls the flux 

of dissociated neutrals in a reactor showed a positive relationship to the measured SiO2 ER.  

 Fig 4.5(b) investigates SiO2 ER under various ECs and flow rates of CF4/O2 for co-

introduction of remote plasma and EB. The SiO2 ER measured for remote plasma only has been 

included for reference. Fig. 4.5(b) indicates that the EB induces SiO2 etching. For example, for 

remote plasma only (green line), no SiO2 etching was seen. For the combination of 1000 eV EB 

with a 0.01 mA EC and 40% O2 remote plasma a ~0.4 nm/min SiO2 ER was produced. The flow 

rate of CF4/O2 that regulates the chemistry of precursors into the reactor significantly influences 

the etching result. As compared to operating in O2-rich conditions, a CF4-rich gas mixture 

delivered a faster SiO2 ER. A high EC emphasized the ER difference due to changes in the 
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precursor chemistry of the remote plasma. The observed ER trends can be explained by a 

fluorination reaction since the main flux of neutrals from the remote plasma source controls the 

composition of adsorbates on the SiO2 surface.181, 185 The EB simultaneously energized the 

adsorbates and enhanced the desorption of SiOxFy etching products.163, 203 In contrast, the O2-rich 

remote plasma produced less fluorine flux to the reactor so that the probability of surface 

fluorination and electron-stimulated desorption was limited. These data demonstrate that 

precursor chemistry produced by the remote plasma source plays an important role for the SiO2 

ER during co-introduction of remote plasma and EB fluxes.  

 Fig 4.5(b) demonstrates a new processing window for this experimental configuration 

that consists of a remote plasma source and a flood gun. The conventional EBIE requires a 

dedicated synthesis procedure to prepare a precursor for evaluating its etching performance on a 

material.21, 22, 177 Some precursors are reactive and short-lived, adding another level of 

complexities. This new experimental approach provides a platform where reactive species can be 

generated using a plasma source in a vacuum chamber. The adsorbate chemistry can be simply 

controlled by precursor chemistry, mixtures of stable process gases and relative flow rates. The 

use of a vacuum chamber extends the lifetime of excited reactants and helps to manage the use of 

environmentally harmful substances. The co-introduction of particle fluxes from remote plasma 

and EB enables SiO2 etching. This approach can serve as the basis to develop novel processes for 

advanced etching applications, such as photomask repair and anisotropic pattern transfer. 
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FIG. 4.5. (Color online) The etching rate of SiO2 as a function of (a) RF power and (b) CF4/O2 

flow rate. 
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4.3.3 Prototypical Processing Development 

 After screening the influence of the operating parameters of the ECWR source and EB 

source on SiO2 ER, the development of two prototypical processes was investigated: 1) steady-

state etching of SiO2 during co-introduction of particle fluxes from remote plasma and EB 

sources and 2) ALE of SiO2 enabled by sequential treatments consisting of a remote plasma 

surface treatment step followed by EB irradiation. Remote plasma was used for surface 

functionalization. We employed O2-rich precursor chemistry with an Ar/CF4/O2 flow rate of 

10/1/4 SCCM, respectively. The processing parameters of the flood gun were kept at 1000 eV 

electron energy, 0.5 mA EC (0.35 mA beam current), and a control grid voltage of 100 V. The 

experimental result elucidates the development of this new experimental configuration, which 

outperforms in comparison with conventional EBIE. 

 The first case studied a three-step process that consists of 100-second remote plasma 

treatment, another 100-second treatment that consisted of co-introduction of particles from the 

remote plasma and EB sources, and finally 100-second EB irradiation of the surface in the 

presence of Ar/CF4/O2 without remote plasma power. This is shown in Fig 4.6(b). The purpose 

of this process sequence was to identify the functionality of each component by following the 

real-time SiO2 ER evolution. The first step consisting of Ar/CF4/O2 remote plasma exposure only 

for 100 seconds did not lead to any SiO2 ER. This is consistent with the experimental result 

shown in Fig 4.3. The second step consisted of simultaneous introduction of Ar/CF4/80% O2 

remote plasma and 1000 eV focused EB (FEB) using 0.5 mA EC. This treatment resulted in 

significant SiO2 etching. The SiO2 ER promptly went up from 0 to 1.3 nm/min during the first 20 

seconds of exposure, and then stabilized at ~1.0 nm/min for the remaining 80 seconds of 
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exposure using these conditions. We postulate that the cause of the initial rate elevation might be 

similar to the finding in the study of Ar+ and XeF2 on Si by Coburn and Winters.57, 204 The SiO2 

surface after exposure to the initial remote plasma was functionalized by excess reactants, which 

caused a higher rate of material removal upon EB irradiation. The SiO2 ER stabilized at a lower 

value once the flux of the incoming reactants and electrons reached a steady-state (Fig 4.6(a)). 

The last step utilized EB and Ar/CF4/O2 gases, where the electron-molecule interactions were 

analogous to the conventional EBIE. The SiO2 ER sharply dropped to less than 0.1 nm/min 

within the first 20 seconds of this treatment. This indicates that the EB is highly inefficient with 

regard to dissociating the CF4/O2 gases and is required for SiO2 etching. It also is consistent with 

the difficulty that has been found in conventional EBIE that many potential precursors are 

ineffective etchants. The experimental result of the three-step process revealed these key points: 

1) remote plasma energizes the admitted precursors and provides reactive neutrals for surface 

modification, and 2) etching reaction only takes place at surface area portions that are 

simultaneously exposed to both remote plasma and EB. 
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FIG. 4.6. (Color online) (a) Schematic diagram of the surface reaction for different exposure 

conditions. (b) The measured SiO2 etching rate for these exposures using standard conditions. 

 The next approach is aimed at establishing ALE of SiO2 by a sequence of a remote 

plasma treatment step followed by EB irradiation for surface activation. An example of such a 

sequential process consisted of a 100-second remote plasma treatment (Step 1) followed by 70-

second EB irradiation (Step 2). The operating condition of the remote plasma source and flood 

gun was kept the same as described in the above example. A 100-second transition between these 
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two steps was used to evacuate residual gases in the reactor and restore the vacuum level to the 

low 10-6 Torr range. The concept of this processing sequence was to utilize Ar/CF4/O2 remote 

plasma for the fluorination of SiO2, with the goal of lowering the energy threshold of desorbing 

etch products. The subsequent EB irradiation step deposited energy onto the modified layer and 

promoted an etching reaction.  

 Fig 4.7(a) shows in situ ellipsometry measurement and a model that describes SiO2 

etching and electron beam-induced deposition. Modeling of the psi-delta evolution was used to 

interpret the surface modification and film thickness changes. The complex index of refraction 

(n-ik) of SiO2 and the build-up layer for the modeling was fixed at 1.42-0.00i205 and 2-0.03i206, 

respectively. The red dots presented the initial 100-second remote plasma treatment. This did not 

produce SiO2 etching and kept the psi-delta values unchanged. A 1000 eV focused EB with an 

EC of 0.5 mA was employed for surface irradiation at a processing time of 220 second for 70 

seconds. The blue and orange dots in Fig 4.7(a) describe the initial 15-second exposure and 

subsequent 55-second EB exposure, respectively. The ellipsometric model suggests that the 

beginning 15-second promoted two surface reactions simultaneously, i.e., SiO2 etching and 

deposition, since the psi-delta trajectory followed the combination of these two vectors. The 

following 55-second EB exposure yielded a deposition reaction. An ellipsometric model was 

used to measure the detailed thickness change of SiO2 and build-up. 
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FIG. 4.7. (Color online) (a) A two-layer ellipsometric model that describes SiO2 etching and 

subsequent electron beam-induced build-up and the experimental result of a procedure consisting 

of remote plasma and an electron beam. (b) Corresponding thickness change profile of SiO2 and 

build-up. 
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 The thickness profile of this sequential process interpreted using a two-layer 

ellipsometric model is shown in Fig 4.7(b). We did not observe any SiO2 loss during the 100-

second remote plasma treatment and the following pump-down transition. In the step introducing 

a 1000 eV focused EB, SiO2 etching behaved in a self-limited manner where only the first 10-

second produced about ~2.4 Å removal thickness. Extending EB processing duration did not 

remove more SiO2 but contributed to a thicker build-up. The deposition is possibly due to the re-

deposition of gas-phase etching products207 or the dissociation of residual gaseous species in the 

reaction chamber, e.g. gas-phase hydrocarbon from pump fluid177. The thickness profile (Fig. 

4.7(b)) supports the ALE concept, realized by temporally combining a remote plasma treatment 

step and an EB irradiation step. More importantly, with the assistance of a remote plasma source, 

EB bombardment can be used to activate material removal.  

 

4.3.4 Process Characterization 

 Two prototypical cases exemplify the potential of the new experimental configuration for 

pattern transfer applications. Here we characterize the surface chemistry for the different 

processing steps, including EB irradiation, Ar/CF4/O2 remote plasma treatment, and the 

combination of these. The understanding of the surface modifications provides insights for future 

development. The following discusses three conditions aimed at clarifying etching mechanisms: 

1) an EB irradiated on untreated SiO2 with three exposure times, 2) a sequential treatment 

consisting of remote plasma treatment followed by an EB step, and shown in Fig 4.7. Finally, 3) 

the simultaneous interaction of the particle fluxes from the remote plasma and EB sources with 

the SiO2 surface, and shown in Fig. 4.6. These processes allow us to explore the effect of an 
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electron flux to SiO2, the surface layer modification by Ar/CF4/O2 remote plasma, and the 

electron-neutral synergy. Since the electron flux from the flood gun only covers a portion of the 

SiO2 specimen (EB diameter ~5.5 mm), small area XPS analysis was used to compare the 

chemical composition of this area with different locations on the sample away from the EB 

outlet. Angle-resolved XPS analyses at take-off angles of 20° and 90° relative to the surface 

were also used to examine the surface and more bulk-sensitive chemical evolution of SiO2 after 

these treatments. Therefore, for each sample, we probed three locations, including the area under 

the EB outlet, 3 mm away from the area under the outlet, and 10 mm away from the area under 

the outlet. In each case, photoelectrons were acquired at take-off angles of 20° and 90°. This 

approach allowed us to explore the effect of electron dose and chemical composition with respect 

to depth, and obtain an understanding of the spatial profile of characteristic elements. In situ 

ellipsometry was used to initially characterize surface modifications and etching for these 

treatments. Combining the result of the two measurements enabled us to obtain a more detailed 

understanding of the real-time surface reactions.  

 

EB and Untreated SiO2 Interactions 

 The in situ ellipsometric results for three EB experiments with different exposure times 

of untreated SiO2 are shown in Fig 4.8(a). The operating conditions were 1000 eV focused EB 

using 0.5 mA EC and a reactor pressure of 110-7 Torr. We evaluated three exposure times: 0 

seconds (untreated SiO2), 30 seconds, and 200 seconds. The black dot describes that a 30-second 

EB irradiating on untreated SiO2 increased the psi value from 62.9° to 63.7° with a slight 

increase of delta value. The orange dots describe a 200-second EB exposure of untreated SiO2, 



 

100 

 

 

where the first 30-second shows the identical psi-delta trajectory as the previous run. The 

following 170 seconds resulted in the psi-delta data moving to the upper-left corner. Two 

ellipsometric models that describe the reduction of SiO2 and sequentially the modification of the 

surface SiOx layer were superimposed on the experimental results for reference. The complex 

index of refraction (n-ik) of SiO2 (1.42-0.00i) and the modification layer (1.47-0.2i) for the 

modeling was also applied. Randolph’s work66 presented the concept that an electron flux 

induced the oxygen reduction in SiO2. Following this idea, we postulate that SiO2 undergoes the 

formation of oxygen vacancies and a thinning reaction from SiO2 to SiOx during electron 

bombardment. The agreement of the ellipsometric model and experimental results during 30-

second EB irradiation of SiO2, suggesting that the SiO2 thickness decreased by a few Å. After 

application of more than 30-second EB exposure, the psi-delta trajectory deviated from the SiO2 

thinning line and instead indicated the modification of this surface SiOx layer. The optical 

property of this modification layer is very different from the underlying SiO2 layer, where the 

value of delta significantly changed from 293° to 294° during the sequential 170-second EB 

exposure. This deviation implies that EB further modified the surface layer to produce an 

extinction coefficient (k) for light adsorption. Fig. 4.8(b) summarizes the profile of the overall 

thickness change. The initial 30-second EB irradiation is consistent with 6 Å thinning, and 

during the following 170-seconds modification took place with the film thickness restored close 

to the initial. Based on the ellipsometric result, the chemical composition of the surface layer 

clearly shows differently from untreated SiO2. In situ ellipsometry captured two distinct 

reactions for EB exposure of untreated SiO2.  
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FIG. 4.8. (Color online) (a) In situ ellipsometry results after 1000 eV focused electron beam 

irradiates SiO2 with the duration of 200 seconds and an ellipsometric model that describes the 

reduction of SiO2 thickness. (b) Overall thickness change profile. 
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FIG. 4.9. (Color online) XPS spectra of (a) O1s and (b) F1s with various EB exposure times on 

SiO2. 

 To validate the interpretation of the in situ ellipsometry measurement with this kind of 

model, XPS analysis was used to examine SiO2 surfaces subjected to the EB exposure. The 
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intensity of characteristic elemental peaks of SiO2 were examined for three EB exposure times, 

i.e., 0 seconds, 30 seconds, and 200 seconds. The time evolution of the O1s and F1s spectra is 

summarized in Fig 4.9(a) and (b). Fig 4.9(a) shows that the untreated SiO2 sample had the 

highest oxygen intensity when compared to the other samples after EB exposure. A 30-second 

EB decreased the Si-O intensity, and a longer exposure time of 200 seconds did not result in a 

further decrease. The time evolution of the F1s spectra is displayed in Fig 4.9(b) and indicates 

formation of SiO-F bonding during EB exposure time. The uptake of F by the SiO2 surface is 

plausible, given the fact that the reactor chamber had been exposed to prior fluorocarbon-based 

remote plasma treatments. The fluorine species adsorbed on the reactor walls provide a finite 

fluorine pressure in the gas phase.208-210 This residual fluorine can become attached to reactive 

sites produced on the SiO2 surface during EB bombardment.  

 Fig 4.10 provides an overview of the time evolution of characteristic elemental XPS peak 

areas measured for an experimental geometry employing a photoelectron take-off angle of 90°. 

The C1s intensity does not show a noticeable change during the EB exposure time extended from 

30 seconds to 200 seconds, implying that the carbon build-up during this time interval was not 

significant. The O1s intensity only decreased during the initial 30 seconds and subsequently 

stabilized. The F1s intensity was proportional to the EB exposure time. The XPS result indicates 

oxygen loss and therefore changes in Si-O bonding during the initial 30 seconds EB 

bombardment. The XPS results of SiO2 for different EB exposure times are consistent with the 

changes of the in situ ellipsometry measurements. Both of these measurements confirm that a 

flux of 1000 eV electrons leads to the formation of oxygen vacancies in SiO2. 
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FIG. 4.10. (Color online) Summary of XPS spectra with various EB exposure times on SiO2. 

 

Sequential Treatment Consisting of Remote Plasma and Subsequent EB Exposure 

 After the surface characterization identified the reactions induced in SiO2 by EB 

bombardment, we studied the processing sequence depicted in Fig 4.7(c). It consisted of an 

Ar/CF4/O2 remote plasma step followed by EB exposure. We also measure the surface chemical 

composition by XPS at the end of each step. The exposure time was reduced to 5 seconds to 

minimize electron beam-induced deposition during the EB step. The other flood gun parameters 

(1000 eV focused EB with a 0.5 mA EC) were unchanged. 

 Fig 4.11 summarizes the O1s and F1s spectra measured for the SiO2 area directly under 

the EB outlet at two photoelectron take-off angles after a 100-second remote plasma and the 

sequential 5-second EB, respectively. Fig 4.11 (a) and (b) show that the sequential EB led to an 

increased oxygen intensity but a decrease in the fluorine intensity, implying that the surface 
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underwent a defluorination reaction as a result of the electron flux. Such a defluorination 

reaction has also been seen in plasma-based ALE as a result of ion bombardment.5, 8, 75 The 90° 

photoelectron take-off angle spectra monitored a deeper region of SiO2 and displayed the 

opposite trend as what the surface spectra showed. This suggests that the SiO2 bulk underwent a 

higher degree of fluorination and reduced oxygen intensity after 5-second EB, consistent with 

what we observed in Fig 4.9. The electron flux reduces SiO2 to SiOx (x<2) and allows fluorine to 

adsorb to reactive sites thus formed in SiOx. Angle-resolved XPS analysis identified that the 

surface reactions behaved differently from the bulk after a 5-second EB irradiation on the 

modified SiO2. 
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FIG. 4.11. (Color online) XPS spectra of using a 20° take-off angle for (a) O1s and (b) F1s 

photoelectrons and using a 90° take-off angle for (c) O1s and (d) F1s photoelectrons for the 

procedure of Fig.8(a), respectively. 

 We also measured the surface areas on the SiO2 samples that received a lower EB flux, or 

no electron flux as a reference. This allows to differentiate the EB effect relative to SiO2 surfaces 

after the same remote plasma treatment. Three locations were probed: the area under the EB 

outlet, 3 mm away from the area under the outlet, and 10 mm away from the area under the 

outlet. While the EB diameter is around 5.5 mm on a substrate, the area under the EB outlet and 

3 mm away from the area under the outlet can provide the chemistry information with regard to 

high and low electron doses. The position at 10 mm away from the area under the outlet is 

representative of SiO2 that has only been treated by remote plasma.  

 Fig 4.12 summarizes the lateral chemistry evolution for the different processing steps of 

the procedure depicted in Fig 4.7(c). We observed an increased fluorine peak for the surface 

portion directly under the EB outlet after the remote plasma treatment. This could be due to two 

factors: firstly, the surface close to the PLA increased the mean free path of reactants. Secondly, 

before processing, a sample pretreatment, which comprised 80% O2 remote plasma and 1000 eV 

focused EB with a 0.15 mA EC for 200 seconds, was used to remove surface contamination and 

adventitious carbon. Such a pretreatment might locally deposit fluorine into SiO2. While each 

sample had the same preparation procedure, the intensity difference among the processing steps 

still delivered the crucial information.  

 Fig 4.12(a) shows that the surface under the EB outlet after a sequential 5-second EB 

exposure showed increased O intensity and reduced F intensity relative to the remote plasma 
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treated surface. The intensity difference of the O and F spectra between the two steps became 

smaller as the position being analyzed moved to positions that had received less electron flux. In 

contrast, Fig 4.12(b) shows the chemistry evolution of the deeper region of SiO2. A 5-second EB 

exposure on an area under the EB outlet resulted in a significant decrease of the O intensity with 

an increased F intensity; additionally, the intensity difference of the spectra decreased as the 

analysis location moved to the 10 mm lateral position which is characteristic of remote plasma 

only. The spectral changes for the three lateral positions represent the impact of the electron flux 

to the surface and bulk reactions. The surface underwent a defluorination reaction, whereas the 

deeper region received more fluorine uptake and showed a decreased oxygen intensity. 
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FIG. 4.12. (Color online) Summary of the characteristic spectra (Si2p, C1s, O1s, and F1s) of SiO2 

in the procedure of Fig. 4.7(c). Two take-off angles are used including (a) 20° and (b) 90°. 
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Co-introduction of Remote Plasma and EB on SiO2 

 The last part of the characterization was focused on probing surface chemistry evolution 

by comparing the state after remote plasma treatment and the one obtained subsequently when 

fluxes from remote plasma and EB source were co-introduced. This is schematically shown by 

the procedure depicted in Fig. 4.6(b). The operating conditions for remote plasma were a flow 

rate of Ar/CF4/O2 of 10/1/4 SCCM, a 400 W RF source power, and 1.8 mT static magnetic field. 

The processing parameters of the flood gun were 1000 eV electron energy, 0.5 mA EC, and 100 

V control grid voltage. We employed a similar XPS analysis method as used in the previous 

section to evaluate the spatial distribution of characteristic elements. 

 Figure 4.13(a) and (b) summarize the O1s and F1s spectra using a photoelectron take-off 

angle of 20°. The data were acquired for SiO2 surfaces at the end of a 80% O2 remote plasma 

treated, and at the end of the remote plasma/EB co-introduction step, respectively. By XPS 

analysis the area under the EB outlet was characterized. The surface after the remote plasma/EB 

co-introduction process showed a slightly increased O intensity with a noticeable reduction of 

the F intensity. In contrast, Fig 4.13(c) and (d) present the O1s and F1s spectra obtained at an 

photoelectron take-off angle of 90° for the same procedure. The co-introduction step contributed 

to a reduced O intensity with an increased F intensity. There is no peak shift after the co-

introduction process. The surface chemistry tendencies for SiO2 surface and bulk regions is 

similar to what we observed in the previous section.  
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FIG. 4.13. (Color online) XPS spectra of SiO2 at the end of remote plasma and simultaneous 

remote plasma/EB process for the procedure shown in of Fig. 4.6(b), respectively. The O1s (a) 

and F1s (b) photoelectron spectra were taken at a 20° take-off angle, whereas the O1s (c) and F1s 

(d) spectra were taken at a 90° take-off angle. 

 We also studied the effect of an electron flux on the chemistry profile transformation of 

SiO2 by probing different sample positions. In the surface profile in Fig 4.14(a), the O intensity 

difference between the remote plasma treatment and the remote plasma/EB co-introduction 

process is positively related to the applied electron flux. The F spectra correlate with the electron 

dose, where the area under a high electron flux leads to a reduced F intensity. For comparison, 

the XPS result using a photoelectron take-off angle of 90° is shown in Fig 4.14(b). The area for a 
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high electron dose showed a reduction of the O1s intensity and increased F 1s intensity after the 

co-introduction step. The F 1s intensity sharply dropped as the lateral position moved from 0 to 

10 mm.  

 The surface chemistry evolution difference between surface and bulk SiO2 during the co-

introduction step supports our finding that multiple reactions take place concurrently. The 

comparison of different probing positions at a photoelectron take-off angle of 20° suggests that 

the remote plasma/EB co-introduction promotes defluorination of the treated SiO2 surface. The 

degree of defluorination strongly depends on the incoming electron flux. This response agrees 

with what we observed for the two prior characterization cases. The bulk behaves differently 

from the surface. The applied electron flux positively correlates to the degree of fluorination. The 

cause of a decreased O 1s intensity at the area under the EB outlet could be due to two factors: 1) 

the fluorination reaction modified SiO2 by converting it to SiOxFy, or 2) EB bombardment gave 

rise to oxygen vacancies. Fig 4.14(a) and (b) provide a comprehensive overview of the spatial, 

chemical transformation for the case of remote plasma and EB co-introduction of SiO2.  
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FIG. 4.14. (Color online) Summary of the characteristic spectra for the procedure shown in Fig. 

6(b). Photoelectron take-off angles of (a) 20° and (b) 90° were used. 
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 To summarize our findings for the three surface treatments characterized here, the 

schematic diagram shown in Fig 4.15 can be used to illustrate the observed interactions. When 

an EB irradiates an untreated SiO2 surface, the oxygen intensity decreased after 30-second and 

200-second EB exposures (see Fig 4.15(a)). This finding agrees with the idea that EB induces 

oxygen vacancies in SiO2 and previously postulated by Randolph et al.66. The non-stoichiometric 

Si-O sites thus formed appear highly reactive when interacting with incident reactants, e.g. 

fluorine from the reactor walls. Additionally, the XPS spectra showed fluorine uptake during EB 

exposure of the SiOx layers.  

The second case discussed a sequential treatment that consisted of an Ar/CF4/O2 remote 

plasma treatment followed by an EB step (Fig 4.15(b)). The remote plasma modified the SiO2 

surface by developing a fluorinated surface layer. During the subsequent EB step, the surface 

showed desorption of some of the fluorinated layer, whereas the deeper SiO2 region still 

exhibited formation of oxygen vacancies.  

The last case studied was the remote plasma/EB co-introduction process (Fig 4.15(c)). 

Here the SiO2 surface exhibited evidence of multiple reactions, including the uptake of oxygen 

and fluorine adsorbates and electron-estimated desorption. The surface characterization results 

obtained with a 90° photoelectron take-off angle suggests that EB promotes the desorption of 

oxygen from SiO2 on the one hand, and adsorption of fluorine from remote plasma on the other. 

The SiO2 responses seen for the three cases are consistent with each other.  
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FIG. 4.15. (Color online) A schematic diagram that describes surface reaction under three 

different processing modes including (a) EB irradiation on SiO2, (b) EB irradiation on modified 

SiO2, and (c) the co-introduction of electrons and radicals.  
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4.4 Summary and Conclusions 

 This work developed a new experimental configuration that integrates a remote plasma 

source and a flood gun for enabling EBIE of SiO2 with Ar/CF4/O2 remote plasma generated 

radicals to enable atomic scale etching of SiO2. The dependence of SiO2 etch rate on electron 

flood gun parameters shows that as the EC varies from 0.01 mA to 0.3 mA, the SiO2 ER scales 

primarily with the electron flux. When the applied EC was above 0.3 mA, the SiO2 ER was 

controlled by the chemical species flux produced by the remote plasma source. Here the SiO2 

etching rate depends on the replenishment rate of adsorbates, the residence time of precursors, 

and the desorption rate of etching products is primarily controlled by the EB. The process 

parameters of the remote plasma source covered an RF source power range from 100 W to 600 

W. This range did not affect the SiO2 ER for an electron current below 0.05 mA, but once the 

electron current had been raised to 0.5 mA, operation of the remote plasma source at 600 W 

source power produced a higher SiO2 ER than a 100 W power condition. Since the RF source 

power controls the degree of CF4 and O2 dissociation of the plasma, a high source power 

provides more reactive neutrals and enhances SiO2 ER for conditions for which the electron 

current is sufficiently high. The composition of the F and O radical fluxes can be adjusted by 

adjusting the CF4/O2 flow rate into the ECWR source. The flexibility of adjusting the 

composition of incident species fluxes and resulting SiO2 surface chemistry has been 

demonstrated. The SiO2 ER peaks at 20% O2, where the CF4 oxidation reaction generates the 

maximum fluorine flux to the SiO2 surface. By increasing the partial pressure of oxygen 

decreases the SiO2 ER because of reduced fluorine atom arrival and re-oxidation of SiO2.  
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 We developed two prototypical processing cases for etching applications. The first case 

consists of a sequence of a 100-second remote plasma, followed by 100-second co-introduction 

of remote plasma and EB, and, lastly, 100-second EB with Ar/CF4/O2 only. SiO2 ER only takes 

place during the co-introduction step, which validates the importance of a remote plasma source 

and the concept that electrons activate material removal. The second case studied consisted of a 

sequence of 100-second Ar/CF4/O2 remote plasma treatment and subsequent 70-second EB 

irradiation. The remote plasma treatment did not lead to SiO2 etching, but during the following 

EB irradiation step 2.4 Å SiO2 were removed in a self-limited manner. The results of these two 

prototypical processing cases demonstrates the promising etching capability. 

 The last section characterized the surface chemistry evolution for three different 

processing sequences using both in situ ellipsometry and XPS. The first sequence examined 

untreated SiO2 for three EB exposure times. The experimental result revealed that a 30-second 

EB exposure decreased the oxygen content of SiO2, likely due to the formation of oxygen 

vacancies. When the EB exposure time was extended to 200 seconds, this did not lead to further 

oxygen intensity changes. We also observed EB-induced fluorine uptake from residual fluorine 

in the vacuum chamber. In this case the surface fluorine intensity increased with the EB exposure 

time. The second sequence studied involved the surface chemistry transformation for sequential 

treatments involving remote plasma treatment and EB irradiation. XPS analysis was performed 

in a spatially resolved fashion after each processing step. The EB step of a SiO2 surface modified 

by 80% O2 remote plasma showed defluorination of the SiO2 surface. Deeper laying SiO2 

regions still showed fluorine uptake and reduced oxygen intensity as a result of EB 

bombardment. Finally, the SiO2 surface chemistry for remote plasma/EB co-introduction was 
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examined. The spatial composition profiles varied in a fashion that was consistent with the prior 

results.  

 The new experimental configuration comprising a remote plasma source and an electron 

flood gun source has demonstrated extraordinary etching performance. This approach opens up a 

novel processing approach for atomic scale semiconductor processing. Future studies need to 

explore the capability of etching different materials, including leveraging the ability to 

selectively functionalize different materials, and thus achieve materials etching selectivity, along 

with understanding the corresponding surface reaction mechanisms. 
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ABSTRACT 

Electron-stimulated desorption (ESD) of the surfaces functionalized by remote plasma is a 

flexible and novel approach for material removal. In comparison to plasma dry etching which 

uses the ion-neutral synergistic effect to control material etching, electron beam-induced etching 

(EBIE) uses an electron-neutral synergistic effect. This approach appears promising for the 

reduction of plasma damage, including atomic displacement, along with the potential for greater 

control and lateral resolution. One challenge for EBIE is the limited number of chemical 

precursor molecules that can be used to produce functionalized materials suitable for etching 

under electron beam irradiation. In this work we studied a new experimental configuration that 
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utilizes a remote plasma source to functionalize surfaces in conjunction with electron beam 

irradiation by an electron flood gun. Etching rates (ER) of SiO2, Si3N4, and poly-Si are reported 

in a broad survey of conditions. The parametric dependence on flood gun and remote plasma 

source operating parameters on these Si-based materials is evaluated. We also identified the 

processing parameters that enable realization of material selective removal, e.g. etching 

selectivity of Si3N4 over SiO2 and poly-Si over SiO2. Additionally, surface characterization of 

etched materials is used to clarify the effects of co-introduction of particle fluxes from the 

remote plasma and flood gun sources on surface chemistry.  
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5.1 Introduction 

 Plasma etching utilizes the ion-neutral synergistic effect to achieve pattern transfer into a 

thin film material on a substrate, and is extensively used in semiconductor manufacturing.11, 111, 

151-153 With device miniaturization, plasma-enhanced atomic layer etching (ALE) that temporally 

separates a surface functionalization step and an ion bombardment step has been developed for 

the improvement of etching performance, including profile control and etching selectivity.12, 14-16, 

87, 155 However, plasma in contact with a material intrinsically develops a sheath potential on the 

material surface, which causes ion bombardment of the substrate and inevitably results in 

material sputtering by ions and defect formation in the material. Exploiting the electron-neutral 

synergistic effect by combining fluxes of chemical precursors and energetic electrons for 

electron beam-induced etching (EBIE) is a possible approach for mitigating plasma damage. One 

challenge is that there is only a small number of precursor molecules that can be used for EBIE. 

This is in contrast to the use of stable molecules unsuitable for EBIE that can be readily 

converted into reactive species in a plasma where these molecules are effectively dissociated. To 

achieve damage-free pattern transfer and expand available etchants in EBIE, we have developed 

a new experimental configuration that consists of a remote plasma source and an electron flood 

gun to utilize EBIE for mitigating plasma damage. A companion study has demonstrated the 

processing capability of this approach for etching SiO2.
211 In that work results were described for 

simultaneous or sequential remote plasma treatment and electron beam (EB) irradiation.  

 This work uses the identical experimental configuration and explores the parametric 

dependence of the etching rate (ER) of SiO2, Si3N4, and poly-Si on the electron flood gun and 

remote plasma source conditions. Material etching selectivity is one of the important criteria of 
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an etching process. Repair of defective deep ultraviolet (DUV) photomasks, for example, 

requires a precise, selective material removal for etching of Si3N4 with selectivity to SiO2.
177 

There are many semiconductor process examples where etching selectivity of Si over SiO2 is an 

important factor.63, 152, 153, 212 This article begins with the evaluation of SiO2, Si3N4, poly-Si ER 

using Ar/CF4/O2 remote plasma only. A remote plasma source can be used to modify SiO2, 

Si3N4, and poly-Si surfaces by the reactive particle fluxes generated, and the fluxes will depend 

on plasma power. The impact of the electron flood gun will depend on electron emission current 

and energy. In situ ellipsometry is used to monitor surface modifications and etching of SiO2, 

Si3N4, and poly-Si for various combinations of the operating parameters. Subsequently, we 

identify for which conditions material etching selectivity of Si3N4 over SiO2 or poly-Si over SiO2 

Can be achieved. To mechanistically understand the chemical evolution of these Si-based 

materials as a function of particle exposure, we employ angle-resolved x-ray photoelectron 

spectroscopy (XPS) analysis of exposed/etched surfaces for different electron fluxes and 

precursor chemistries. The characterization results allow us to correlate the etching mechanisms 

of the Si-based materials with operating conditions. 

 

5.2 Experimental 

The experiments were conducted in a vacuum reactor, comprised of a flood gun on the 

top of the chamber and an electron cyclotron wave resonance (ECWR) remote plasma source on 

the side. The base pressure of the reactor before a process is at 110-7 Torr, and the reactor 

pressure with precursor injection is raised to 1.8 mTorr. The flood gun used is a commercial 

Kimball Physics EGA-1012 Electron Gun with a standard yttria-coated disc cathode. The 
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cathode at room temperature can be exposed to atmospheric gases without damage, and the 

minimum vacuum to run this cathode is 10-5 Torr. A differential pump unit (DPU) was designed 

and installed to improve the vacuum level in the flood gun chamber. The DPU bottom was 

attached to a custom-made pressure-limited aperture (PLA), establishing a pressure ratio between 

the reactor (110-3 Torr) and the flood gun chamber (110-6 Torr) of about 1000. The remote 

plasma source consists of a COPRA DN160 ECWR plasma source running at 13.56 MHz 

radiofrequency (RF) with a neutralization plate.179 The neutralization plate was made by 

electrically grounding an aluminum plate covered with Kapton tape and a 4-inch diameter quartz 

plate at the center to mitigate plasma erosion. The neutralization plate is to filter out the ions 

generated by the ECWR plasma source, allowing only neutrals to diffuse into the reactor. Prior 

studies have presented a detailed description of this remote plasma source180, 181 and the 

characterization of etching results on Si-based materials182-185. The ECWR effect requires an 

additional static magnetic field, exploiting the interaction of an electromagnetic wave with 

plasma.179 Most experiments were conducted at a 400 W RF source power and 1.8 mT static 

magnetic fields to the ECWR system. Typical processing parameters for the flood gun were 1000 

eV electrons at 0.5 mA emission current (EC) and a 100 V control grid voltage. The sample 

holder is made of electrically grounded stainless steel with backside cooling achieved by 

circulating water at 10 °C. A more detailed description of the experimental configuration can be 

found in the prior chapter.211 

 The flood gun consists of a cathode, a control grid, and an anode for independent control 

of electron energy, EC, and beam convergence angle. The voltage between cathode and anode 

regulates the electron energy, ranging from 5 eV to 1000 eV. Cathode temperature governs the 
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flux of emitted electrons, where EC is proportional to working temperature. A high working 

temperature, however, accelerates the evaporation rate of the yttria coating and reduces the 

filament lifetime. The maximum EC under 1000 eV electron energy can emit a current up to 1.5 

mA. Our experiments employed a 0.5 mA or lower EC to extend the lifetime of the flood gun. 

Calibration of the beam diameter on a substrate was done by utilizing a customized phosphor 

screen with 2 mm spacing grids from Kimball Physics. The in-vacuum length of the firing unit 

was adjusted for meeting a 38.3 mm working distance from the flood gun outlet to a substrate, so 

a 1000 eV EB with the maximum grid voltage, 100 V, produced a ~5.5 mm beam diameter on 

the calibration screen. In the case of studying the dependency of electron energies on etching 

performance, the control grid voltage was adjusted accordingly to keep the spot size constant. 

Beam current was measured using a Faraday cup connected to a picoammeter. Our experimental 

setup with the installation of a PLA provides the ratio between beam current and EC of about 

70%. Most of the experiments employed 1000 eV electron energy with a 0.5 mA EC and a 100 V 

grid voltage, generating a current density of 1.5 mA/cm2. 

 In situ ellipsometry with a He-Ne laser operating at a wavelength of 632.8 nm mounted 

on the reactor allowed us to study surface modification and etching in real-time.38 The 

ellipsometry laser was aligned using the calibration phosphor screen to a location where a 1000 

eV focused electron beam was irradiated. Therefore, the ellipsometer can collect the psi-delta 

value of the area treated by remote plasma, electron beam, and its combination. The sampling 

rate of the ellipsometer was set to 5 Hz (0.2 seconds per point) for all experiments. 

 XPS analyses have been performed at the end of selected treatments to evaluate surface 

chemistry evolution. The samples were transferred under vacuum using a specimen transfer 
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device to a Vacuum Generators ESCALAB MK II surface analysis system for XPS 

measurements. Small area XPS measurement was used to probe surface portions that 

concurrently interact with particles from the remote plasma but differ in electron beam exposure 

(diameter of analysis area ~ 5-6 mm).186 High resolution scans of the Si2p, C1s, O1s, N1s, and 

F1s photoelectron spectra were obtained at 20 eV pass energy at an electron take-off angle of 20° 

(shallow probing depth ≈20-30 Å) and 90° (deep probing depth ≈80 Å) with respect to the 

sample surface. The spectra were fitted using least square fitting after Shirley background 

subtraction.39, 40  

 

5.3 Results and Discussion 

5.3.1 Remote Plasma on SiO2, Si3N4, and Poly-Si 

 The characterization of the SiO2, Si3N4, and poly-Si ER on remote operating parameters 

provides a basis before studying etching processes involving co-introduction of remote plasma 

and EB. Operating conditions were 10 SCCM Ar flow rate, variable CF4/O2 gas mixtures with a 

total CF4 and O2 flow rate of 5 SCCM, 1.8 mT DC magnetic fields, and three RF source powers 

of 100 W, 400 W, and 600 W. The reactor chamber was held at 1.8 mTorr in the presence of the 

DPU and PLA. Ar is used as a carrier gas to dilute the concentration of gas-phase reactants to 

minimize erosion of the yttria-coating disc in the flood gun. 

 Fig 5.1 shows SiO2, Si3N4, and poly-Si ERs under remote plasma as a function of 

varying the relative CF4/O2 flow rates and RF power. The CF4/O2 remote plasma produces the 

maximum fluorine flux at 20% O2, which has been explained by CF4 oxidation reactions.181, 182, 

184, 185 No SiO2 ER was observed for all oxygen concentrations and RF powers studied (see Fig 
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5.1(a)). Si3N4 etching only took place at a rate of up to ~0.2 nm/min for operating conditions of 

600 W RF power and with the O2 concentration ranging from 20% to 60% (Fig 5.1(b)). In 

contrast, the poly-Si ER peaked at 20% O2 for the three RF powers examined (see Fig 5.1(c)). 

The results show that bond strength is a limiting factor for etching reactions, where a high bond 

strength material requires more energy to activate surface functionalization and material 

desorption. Poly-Si has a lower bond strength and is highly reactive. Tthe Si ER can be used to 

provide a lower bound of the fluorine atom flux from the remote plasma source.  
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FIG. 5.1. (Color online) The etching rate of (a) SiO2, (b) Si3N4, and (c) poly-Si using remote 

plasma with various relative CF4/O2 flow rates and RF powers. 

 The RF source power is used to control the energy input into the ECWR plasma source, 

and can be used to manage the degree of dissociation of injected precursors and thus the number 
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of excited particles in the reactor. Fig 5.1(c) shows that the poly-Si ER peaks at 20% O2 and is 

further enhanced as the RF power increased from 100 W to 600 W. For O2-rich operating 

conditions, a high RF power promotes the dissociation rate of oxygen in the remote plasma 

source and admits more oxygen-based neutrals to the reactor. The poly-Si forms an oxidized 

surface layer for these conditions which reduces the probability of reaction with gas-phase 

fluorine reactants. For example, the poly-Si ER at 80% O2 with 600 W RF was lower than seen 

for 100 W and 400 W discharges, whereas for CF4-rich plasma the opposite is the case. RF 

power can be used to regulate the number of exciting neutrals into the reactor for surface 

modification. 

 

5.3.2 Simultaneous Exposure of Surfaces to Electron Beam and Remote Plasma Fluxes for 

SiO2, Si3N4, and Poly-Si Etching 

 After the evaluation of SiO2, Si3N4, and poly-Si etching using remote plasma only, we 

screened the dependence of ER of the same set materials on processing parameters when EB and 

remote plasma fluxes interacted simultaneously with surfaces. Similar to the previous chapter, 

we examined the influence of four process parameters, i.e., EC and electron energy of the 

electron flood gun, and the RF source power and CF4/O2 composition of the gas flow into the 

remote plasma source. Since the electron convergence angle is regulated by the electron energy 

and control grid voltage, the grid voltage was adjusted when studying the lowest electron energy 

by keeping the beam diameter on the substrate unchanged. A study of the parametric dependency 

provides a fundamental understanding of relative ER among these Si-based materials, which can 

be used to develop selective material removal. 
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Fig. 5.2. (Color online) The etching rate of (a) SiO2, (b) Si3N4, and (c) poly-Si as a function of 

electron emission current 

 Fig 5.2 presents the results of the SiO2, Si3N4, and poly-Si ERs versus emission current 

and for three different CF4/O2 gas compositions. The operating conditions of the remote plasma 
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was kept at a 400 W source power, 1.8 mT magnetic field, 10 SCCM Ar, and a total CF4 and O2 

flow rate of 5 SCCM, respectively. The operating parameters of the EB were 1000 eV with the 

control grid voltage of 100 V. The ER of SiO2 and Si3N4 showed similar behavior, and for 20% 

O2 and 40% O2 comparable ER were seen when the EC was varied from 0.005 mA to 0.5 mA. 

For 80% O2 in CF4/O2, the SiO2 and Si3N4 ERs were significantly suppressed. The results of the 

poly-Si ER as a function of EC and for different oxygen concentrations in CF4/O2 are shown in 

Fig 5.2(c). The poly-Si ER strongly depends on both precursor chemistry and electron flux. For 

20% O2 in CF4/O2 and 0.5 mA EC, the poly-Si ER is boosted, whereas for O2-rich operating 

conditions little etching is seen for all ECs.  

 Fig 5.3 summarizes the impact of reducing electron energy from 1000 eV to 300 eV on 

SiO2, Si3N4, and poly-Si ER. The figure shows that both the SiO2 and Si3N4 ER decrease with 

applied electron energy, whereas the poly-Si ER behaved opposite. We postulate that this trend is 

related to the combination of the bond strength of materials and the interaction cross-section of 

electrons with gas-phase reactants and adsorb reactive species. Typically, at an electron energy 

of about 100 eV, the cross-section for dissociative ionization66, 194-198 reaches a maximum. For 

the material with intermediate or high bond strength, such as SiO2 and Si3N4, 300 eV electrons 

are more efficient in terms of depositing energy to adsorbates than 1000 eV electrons, and thus 

enable improved desorption of etching products for reduced electron energies. Poly-Si has a low 

bond strength and is strongly reactive with fluorine and oxygen atoms. Here 300 eV electrons are 

more efficient in driving oxidation reactions than desorption reactions. This may explain the 

observation that 300 eV electrons produce different ER profiles for SiO2, Si3N4, and poly-Si. 
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FIG. 5.3. (Color online) The etching rate of SiO2, Si3N4, and poly-Si as a function of electron 

energy 

 Next, we explored the effect of remote plasma source operating parameters on SiO2, 

Si3N4, and poly-Si ER. The operating parameters of the electron flood gun were kept at 1000 eV 

electron energy, a 0.5 mA EC, and a control grid voltage of 100 V. RF power is used to control 

the degree of dissociation rate of injected precursor gases and the number of reactive particles in 

the reactor. We have discussed the profile of the SiO2 ER under various RF powers and ECs in 

the previous chapter.211 The Si3N4 and poly-Si ER show a stronger dependence on applied RF 

power of the remote plasma source, especially in the range between 100 W and 400 W. When 

more than 600 W RF power was applied to the remote plasma source, the enhancement of the 

Si3N4 and poly-Si ER became insignificant. The behavior may be related to the number of 

fluorine reactants generated by the remote plasma source. Fig. 5.1(c) shows the poly-Si ER for 

different oxygen concentrations and RF powers. The use of 400 W and 600 W RF power 
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produced similar ER for 40% O2 in CF4/O2. It implies that the remote plasma source at a higher 

RF power does not generate more fluorine atoms in the etching reactor. In contrast, the use of 

100 W RF power led to a lower Si ER, implying a lower fluorine atom flux from the remote 

plasma source that can react with the Si surface. The results of Figs. 5.4(b) and (c) show that 

only between 100 W and 400 W an increase of the RF power of the remote plasma source 

strongly enhances both Si3N4 and poly-Si ER.  
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FIG. 5.4. (Color online) The etch rate of (a) SiO2, (b) Si3N4, and (c) poly-Si as a function of 

emission current and RF power. 

 Fig 5.5 summarizes SiO2, Si3N4, and poly-Si ERs for various ECs and relative CF4/O2 

flow rates for simultaneous exposure of these materials to fluxes from the remote plasma and EB 
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sources. The ER measured for remote plasma source only has been included for reference. 

Figures 5.5(a) and (b) demonstrate that the co-introduction of particles from the EB and remote 

sources induces SiO2 and Si3N4 etching. SiO2 ER is less dependent on the precursor chemistry 

from the remote plasma, but more strongly depends on EC. For the more reactive Si3N4 and 

poly-Si materials, a stronger role of precursor chemistry for material removal can be seen. For 

these materials, CF4-rich operating conditions provided a higher ER than the O2-rich operating 

conditions.  

 Fig 5.5(c) also indicates that there is an effect of EB-induced dissociation that takes place 

for high EC on poly-Si. The results of using remote plasma only with various RF powers and 

relative CF4/O2 flow rates on poly-Si gives rise to a maximum flux of fluorine reactant, and thus 

ER, at an oxygen concentration of 20%. When the oxygen concentration is below 20%, fewer 

dissociated fluorine atomic species are produced because of the reduced importance of oxygen-

induced CF4 oxidization reactions. This reduces the poly-Si ER for these conditions. For co-

introduction of remote plasma and EB, the poly-Si ER peaks at 10% O2 for 0.5 mA EC. We 

postulate that this enhancement is because the EB is capable to dissociate fluorocarbon 

molecules through electron-gas and electron-adsorbate interactions and thus increases the poly-Si 

ER for these conditions. 

 The variation of SiO2, Si3N4, and poly-Si ER with process parameters of the remote 

plasma source and electron flood gun has revealed a processing window for material selective 

removal. The etching selectivity of Si3N4 over SiO2, for example, is an important criterion for 

DUV photomask repair application, where the EB needs to precisely remove the defective Si3N4 

pattern without damaging the underlying SiO2 substrate.177 The remote plasma source alone can 
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be used for surface functionalization but did not cause Si3N4 and SiO2 etching. This indicates that 

the ER for these materials can be strongly localized to the positions where the electron beam 

strikes the surface. 
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FIG. 5.5. (Color online) The etch rate of (a) SiO2, (b) Si3N4, and (c) poly-Si as a function of 

emission current and relative CF4/O2 flow rate. 

 

5.3.3 Etching Selectivity Development 

 The development of material etching selectivity by screening the operating variables of 

the remote plasma and EB sources is important for etching applications. The following discusses 

the use of combined fluxes from the remote plasma and EB sources for achieving etching 

selectivity of Si3N4 over SiO2 and poly-Si over SiO2 by varying CF4/O2 composition and EC. 

The other operating conditions were fixed, i.e. the flood gun was operated with a 1000 eV 

electron energy and a control grid voltage of 100 V; the remote plasma source RF power was 

kept at 400 W, 1.8 mT static magnetic fields, 10 SCCM Ar flow rate. The CF4/O2 gas flow was 

varied with the constraint of a total CF4 and O2 flow rate of 5 SCCM. 

 Fig 5.6(a) summarizes the etching selectivity of Si3N4 over SiO2 with various ECs and 

relative CF4/O2 flow rates. When the applied EC ranges between 0.1 mA and 0.5 mA, the 

measured etching selectivity of Si3N4 over SiO2 for all oxygen concentrations studied falls 

between 0.1 and 2. The CF4-rich operating conditions slightly improved the etching selectivity. 

When the operating conditions were 40% O2 and 0.01 mA EC, the etching selectivity of Si3N4 

over SiO2 has been significantly improved reaching a value of more than 6. The result of Figs. 

5.5(a) and (b) clearly illustrates that SiO2 etching is primarily dependent on the electron flux, 

whereas Si3N4 etching is governed by both electron flux and precursor chemistry. We may apply 

the CF4-rich operating condition with a low electron flux on the substrate to promote Si3N4 

etching but simultaneously to limit the SiO2 ER.  
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 The results on etching selectivity of poly-Si over SiO2 with various ECs and relative 

oxygen concentrations are shown in Fig 5.6(b). The poly-Si ER is governed by both precursor 

chemistry and EC. The peak poly-Si ER is seen for an O2 concentration of 10% and 0.5 mA EC. 

In contrast, SiO2 ER is driven by the electron flux and shows a slight reduction for oxygen 

concentrations higher than 20%. By combining these factors it is possible to optimize the poly-

Si/SiO2 etch rate ratio. Figure 5.6(b) shows a maximum etching selectivity of poly-Si over SiO2 

at 10% O2 with 0.5 mA EC. This result indicates that further improvements of the poly-Si/SiO2 

etching selectivity may be possible by using CF4-rich operating conditions and an EC of more 

than 0.5 mA.  



 

137 

 

 

 

FIG. 5.6. (Color online) The etching selectivity of (a) Si3N4 to SiO2 and (b) poly-Si to SiO2 as a 

function of emission current and relative CF4/O2 flow rate. 
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5.3.4 Process Characterization 

 The development of etching selectivity of Si3N4 over SiO2 and poly-Si over SiO2 

exemplifies the potential of etching processes based on the co-introduction of EB and remote 

plasma for selective material removal. Here we characterize the surface chemistry of SiO2, Si3N4, 

and poly-Si for different ECs, including 0 mA, 0.01 mA, and 0.5 mA, and oxygen concentrations 

used for the CF4/O2 gas mixture excited in the remote plasma source (20% O2 and 80% O2). 

Each operating condition was applied for 100 seconds to the specimens to ensure that the 

reaction reached a steady state. Since the electron flux from the flood gun only covers a portion 

of the specimen (EB diameter ~5.5 mm), small area XPS analysis was used to measure the 

chemical composition of the area under the EB outlet, and compare this with surface portions 

that only received the neutral fluxes from the remote plasma source. Angle-resolved XPS 

analysis using take-off angles of 20° and 90° relative to the surface was used to compare the 

surface chemical evolution as a function of depth by distinguishing the more surface and more 

bulk sensitive analysis after each processing step. By summarizing these data, we gain insights 

on the effects of EC and precursor chemistry on these materials that are characterized by 

different reactivity with fluorine and oxygen atoms.    

 Figures 5.7(a) and (b) summarize the O1s and F1s spectra of poly-Si using a 20° 

photoelectron take-off angle. The operating condition of the flood gun was 1000 eV electron 

energy with three ECs of 0 mA, 0.01 mA, and 0.5 mA; the operating condition of the remote 

plasma source was 400 W RF power with 20% O2. Figure 5.7(a) shows that the poly-Si shows a 

higher oxygen intensity when the applied EC increases from 0 mA to 0.5 mA. The F1s spectra 

show that exposure to a high EC reduces the total fluorine intensity and shifts the peak from SiO-
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F to Si-F bonding. We postulate that a surface defluorination reaction is driven by electron 

bombardment, which stimulates desorption of SiFx-products. These kinds of defluorination 

reactions are known from plasma-based dry etching, where ion bombardment drives the surface 

reactions, including fluorination of Si-based materials and desorption of fluorinated etching 

products.5, 8, 40, 75 The desorption of fluorinated products leads to the reduction of the surface 

fluorine intensity. A higher degree of surface oxidation is found after the use of 0.5 mA EC, even 

when a low percentage of 20% O2 is employed. This observation may be related to electron-

induced dissociation of O2. According to this, the EB deposits energy into gas-phase or surface 

adsorbed oxygen species and atomic oxygen thus produced gives rise to oxidation of the Si 

substrate. This idea is consistent with the variation of the poly-Si ER shown in Fig 5.5(c) for 0.5 

mA EC, the poly-Si ER peaks at 10% O2. A high EC for the combined EB/remote plasma 

process induces multiple surface reactions for poly-Si. 

 Figures 5.7(c) and (d) summarize the O1s and F1s spectra of poly-Si using a 90° 

photoelectron take-off angle. The O1s spectra show that the deeper region of poly-Si has a 

comparable, low oxygen intensity after treatments for which three EC were examined. This 

observation suggests that the EB-induced oxygen dissociation affects primarily the top surface of 

the Si substrate. A reduction of the F intensity has been observed for a 90° photoelectron take-off 

angle as compared to the highly surface sensitive measurement. This indicates that both the 

surface and deeper-lying regions of the poly-Si undergo defluorination reactions with the 

assistance of EB. 
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FIG. 5.7. (Color online) XPS spectra for treated poly-Si using 20° take-off angle for (a) O1s and 

(b) F1s photoelectrons and using 90° take-off angle for (c) O1s and (d) F1s photoelectrons. The 

operating conditions are 20% O2 remote plasma and 1000 eV focused EB using emission 

currents of 0 mA, 0.01 mA, and 0.5 mA, respectively. 

 To identify the effect of precursor chemistry, XPS analysis was also used to measure 

poly-Si after the co-introduction process using 80% O2 for ECs of 0 mA, 0.01 mA, and 0.5 mA. 

Figs. 5.8(a) and (b) show the O1s and F1s spectra of poly-Si using a 20°photoelectron take-off 

angle. The surface oxygen intensity increases for higher EC, and overall increases from 0.1 to 

0.43. In contrast, the surface fluorine intensity is reduced slightly as the applied EC is increased. 

The surface spectra suggest that when the precursor chemistry changes from the CF4-rich 
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condition to the O2-rich condition, the main surface reaction shifts from fluorination to oxidation. 

The gas-phase reactants from the remote plasma source play an important role in the chemical 

composition of the surface reactive layers. The O1s and F1s spectra shown in Figs. 5.8(c) and (d) 

for a 90° take-off angle also exhibit a similar trend as what was shown for the more surface-

sensitive spectra shown in Figures 5.8(a) and (b). The O2-rich operating condition promotes 

oxidation reactions at the surface and to a more limited extent for the deeper-lying regions of 

poly-Si. 

 

FIG. 5.8. (Color online) XPS spectra for treated poly-Si of using 20° take-off angle for (a) O1s 

and (b) F1s photoelectrons and using 90° take-off angle for (c) O1s and (d) F1s photoelectrons. 

The operating condition is combined remote plasma/EB exposure using a CF4/80% O2 remote 
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plasma and 1000 eV focused electrons at emission currents of 0 mA, 0.01 mA, and 0.5 mA, 

respectively.  

 We integrated the characteristic XPS peak areas of poly-Si for the three different 

conditions reported above. This summary is shown in Figs. 5.9(a) and (b), and provide an 

overview of the effect of electron flux and precursor chemistry on the surface and deeper-lying 

region of poly-Si. Increasing the EC from 0 mA to 0.5 mA results in a reduction of surface F 

intensity for both 20% O2 and 80% O2 remote plasma operating conditions. The surface oxygen 

uptake reaches a peak for the combination of 0.5 mA EC and 80% O2. The area of the O1s and 

F1s peaks using a 90° take-off angle is shown in Fig 5.9(b). The evolution of the oxygen 

intensity in poly-Si exhibits a strong dependence on precursor chemistry and EC. Little change 

of the fluorine intensity is seen at 80% O2 as the EC was increased. A comparison of these data 

with those obtained with Si3N4 and SiO2 provides a better understanding of the impact of process 

parameters for combined remote plasma/EB source treatments on surface chemical composition. 
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FIG. 5.9. (Color online) Integrated O1s and F1s peak areas obtained with poly-Si after combined 

remote plasma/EB source treatments using various electron emission currents and CF4/O2 ratios. 

Photoelectrons were collected at (a) 20° and (b) 90° take-off angles. 
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 Integrated O1s and F1s peak areas obtained with Si3N4 after combined remote plasma/EB 

source treatments using various electron emission currents and CF4/O2 ratios are shown in Figs. 

5.10(a) and (b) for 20° and 90° photoelectron take-off angles, respectively. As a result of EB 

exposure of Si3N4 subjected to remote plasma effluent, the surface (Fig 5.10(a)) experienced 

some degree of defluorination for both CF4-rich and O2-rich remote plasma conditions, with the 

major reduction of the F peak seen at fairly small electron beam currents. This may be related to 

the case with which fluorinated etching products can be desorbed from fluorinated Si3N4.
1 For 

80% O2 to the remote plasma source, the surface O intensity is noticeably increased, while the 

surface N intensity is reduced. This effect is most pronounced at 0.5 mA EC. On the other hand, 

for 20% O2 to the remote plasma source little change in both O and N intensities is seen for all 

applied ECs. This observation suggests that for combined remote plasma/EB source treatments 

using O2-rich and high EC conditions, nitrogen sites on the surface Si3N4 are replaced by oxygen 

with the assistance of EB.  

 Figure 5.10(b) shows the evolution of the deeper-lying region of Si3N4 for combined 

remote plasma/EB source treatment. The oxygen and nitrogen intensities depend less on applied 

EC but more on the composition of precursor chemistry. When 80% O2 is used, the oxygen level 

is increased and nitrogen is reduced relative to conditions when 20% O2 is employed. The 

fluorine intensity for surface and more bulk-sensitive measurements showed little change when a 

0.01 mA EC was applied to the substrate. Overall, combined remote plasma/EB source 

treatments caused the surface chemical evolution of Si3N4 to depend strongly on the precursor 

chemistry of the remote plasma source. 
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FIG. 5.10. (Color online) Integrated O1s and F1s peak areas obtained with Si3N4 after combined 

remote plasma/EB source treatments using various electron emission currents and CF4/O2 ratios. 

Photoelectrons were collected at (a) 20° and (b) 90° take-off angles. 
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 Finally, the chemical evolution of SiO2 after combined remote plasma/EB source 

treatments using take-off angles of 20° and 90°, respectively, is described. Figure 5.11(a) 

summarizes the surface oxygen and fluorine intensities versus EC and precursor chemistry, 

respectively. Overall, the elemental variations seen are weaker for SiO2 than for Si3N4 and poly-

Si, but there is defluorination evident as the applied EC is increased up to 0.5 mA for both 20% 

O2 and 80% O2 admitted to the remote plasma source.  

 Figure 5.11(b) shows the oxygen and fluorine intensities of SiO2 when using a 90° 

photoelectron take-off angle for the combined remote plasma/EB process. For a 20% O2 remote 

plasma chemistry, the oxygen and fluorine intensities show little dependence on the applied EC 

over the range from 0 mA to 0.5 mA. In contrast, for the 80% O2 operating condition, a slightly 

higher fluorine intensity and the corresponding reduction of the oxygen intensity are seen as the 

EC was increased from 0 mA to 0.5 mA. This observation may be related to the SiO2 surface 

being passivated by oxidation when using 80% O2 remote plasma and a high EC of 0.5 mA. In 

this case, fluorine reactants from the adsorbate may only be able to diffuse to the deeper-lying 

regions of SiO2 with the assistance of EB, thus increasing the fluorine intensity for those 

conditions. It is possible that this behavior is not seen for CF4-rich remote plasma operating 

conditions since in that case the reactive surface species are rapidly removed by electron 

bombardment from the EB source.  
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FIG. 5.11. (Color online) Integrated O1s and F1s peak areas obtained with SiO2 after combined 

remote plasma/EB source treatments using various electron emission currents and CF4/O2 ratios. 

Photoelectrons were collected at (a) 20° and (b) 90° take-off angles. 
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5.4 Summary and Conclusions 

 This work described the use of a new experimental configuration that integrates a remote 

plasma source and an electron flood gun for enabling EBIE of SiO2, Si3N4, and poly-Si with 

Ar/CF4/O2 remote plasma. The dependence of ER of Si-based materials on operating parameters 

of the flood gun and remote plasma source was evaluated. The SiO2 ER is primarily dependent 

on the applied EC, where a high EC generally produces a faster ER than a low EC. For more 

reactive poly-Si, for which spontaneous etching rates in the remote plasma environment are high, 

the ER is governed by both precursor chemistry and electron flux. The survey of process 

parameters for poly-Si showed that the peak ER was seen for 10% O2 to the remote plasma 

source and 0.5 mA EC. For Si3N4 which is of intermediate reactivity between SiO2 and poly-Si, 

the ER is governed by both electron and fluorine fluxes. At 40% O2 remote plasma composition 

and 0.01 ma EC, the Si3N4 ER increases from 0 nm/min to 2.5 nm/min. The behavior differences 

of SiO2, Si3N4, and poly-Si ER relative to process parameters used opens a large window in 

which selective material removal is possible, and of practical use for DUV photomask repair 

applications where etching selectivity of Si3N4 over SiO2 is required. Materials etching 

selectivity can be tailored by optimizing applied EC and relative oxygen concentration of the 

remote plasma gas mixture. A similar approach of optimizing the relative oxygen concentration 

and EC can also be used to improve the etching selectivity of poly-Si over SiO2. The results of 

angle-resolved XPS analysis in which the chemical composition of the reacted layers was 

examined for different probing depths are also reported. The experimental results show that poly-

Si exhibited large changes of the characteristic elemental peaks under the influence of precursor 

chemistry and EB. On the other hand, for unreactive SiO2 only minor variations were seen.  
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Chapter 6:  Conclusions and Future Work 

 The investigations presented in this dissertation are relevant to future development of 

semiconductor processing applications. This work identified the surface evolution of FCs, HFCs, 

and a mixture of FCs and H2 on Si-based materials in an ALE sequence, integrated substrate-

selective deposition into an ALE sequence, and, for the first time, demonstrated EBIE of SiO2, 

Si3N4 and Si with the assistance of Ar/CF4/O2 remote plasma.  

 In Chapter 2, we studied the potential of utilizing complex precursor chemistries in ALE 

for achieving etching selectivity of SiO2 over Si and SiO2 over Si3N4. The mixing of chemical 

precursor approach that is often used in CW plasma for improving etching selectivity of SiO2 

over Si did not succeed for ALE conditions. Instead, the C4F8/H2 mixture degraded the etching 

selectivity due to interaction of residual hydrogen with the functionalized surface that suppressed 

the formation of a passivation layer. In contrast, C3H3F3 delivered a reduced F/C ratio for 

deposited films and rapidly formed a passivation layer on Si. This work suggests that the 

structure and composition of HFC precursors in ALE offer significant advantages for achieving 

selective ALE. 

 In Chapter 3, a review of the works in area-selective atomic layer deposition inspired a 

concept that selective ALE can be developed by leveraging substrate-selective deposition. We 

studied the deposition yield difference between HfO2 and Si by examining two sets of 

fluorocarbon plasmas, i.e., C4F8/CH4 and CHF3/CHF4, in an ALE sequence. The C4F8/CH4 

mixture deposited a comparable thickness on both materials, whereas the CHF3/CH4 mixture 

only deposited on the Si surface. The results of XPS analysis confirmed this observation and 

showed that the CHF3/CH4 mixture could fluorinate HfO2 without deposition. By optimizing the 
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processing parameters, the CHF3/CH4-based ALE successfully removed a 3-nm HfO2 layer with 

selectivity to Si. This work demonstrates the concept of selective ALE based on substrate-

selective deposition. 

 Chapter 4 developed a new experimental configuration that combines a remote plasma 

source and an electron flood gun for EBIE of SiO2 with Ar/CF4/O2 precursors. We have screened 

the parametric dependence on the electron flood gun and remote plasma source operating 

conditions to measure SiO2 ER under simultaneous exposure to both sources. SiO2 etching 

results obtained for various ECs and electron energies of the flood gun revealed that the SiO2 ER 

was correlated to both electron flux and chemical reactant transport. The RF source power and 

CF4/O2 flow rate in the remote plasma source profoundly influenced the flux and chemistry of 

reactants to the reacting surface. Here, a 20% O2/CF4/Ar remote plasma produced a rich fluorine 

flux to the reacting surface and accelerated SiO2 ER. We also demonstrated two prototypical 

processing cases for concise SiO2 etching and ALE of SiO2. The spatial distribution of 

characteristic elements after a processing sequence has been investigated to understand the 

surface and underlying reactions in SiO2.  

 Chapter 5 investigated the new experimental configuration that consists of an electron 

flood gun and a remote plasma source for EBIE of SiO2, Si3N4, and poly-Si with Ar/CF4/O2 

precursors. Following the similar approach as used in the previous chapter, we have surveyed the 

processing parameters of the remote plasma and EB sources using the co-introduction process to 

measure SiO2, Si3N4, and poly-Si ERs. The profile of SiO2 etching results with various ECs and 

relative CF4/O2 flow rates show that the SiO2 ER is primarily dependent on the electron flux; in 

contrast, Si3N4 and poly-Si ERs are governed by both precursor chemistry and electron flux. By 
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optimizing the relative CF4/O2 flow ratio of the remote plasma source and the EC of the EB 

source, we exemplified that the co-introduction process can achieve etching selectivity of Si3N4 

over SiO2 and poly-Si over SiO2. The characterization of characteristic elements on poly-Si, 

Si3N4, and SiO2 after various operating conditions has been evaluated to understand the effect of 

precursor chemistry and electron beam. 

 

 Future Work 

 This work researched electronic material etching using ion- or electron-activated surface 

reaction and product desorption. We found that a combination of remote plasma surface 

functionalization and electron-stimulated desorption is possibly the most promising method for 

semiconductor etching applications. Going to the next step, we may consider three 

developments. Adding a residual gas analyzer (RGA) at downstream of the reactor monitors 

etching products in real-time. The current characterization method uses in situ ellipsometry and 

XPS analysis to clarify the surface modification and etching, but the desorption pathway of 

etching products has limited understanding. Additionally, RGA can directly measure the flux of 

neutrals generated from remote plasma, clarifying a correlation between gas-phase reactants and 

adsorbates.  

 Another item is to realize an ALE process by modularizing the remote plasma source that 

enables a pulsed injection of reactants into the reactor. An EB-enhanced ALE sequence consists 

of two steps: a remote plasma treatment step and sequentially an EB irradiation step. In the 

current experimental configuration, controlling the injection of neutrals from remote plasma is 

based on the source power ON and OFF, where plasma ignition is time-consuming. If the remote 
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plasma source can be retrofitted by installing an exclusive pump system and a shutter on the 

outlet of the remote plasma source, the injection of reactants can be managed by shutter ON and 

OFF without turning off plasma. A fast switch between remote plasma treatment and EB 

irradiation establishes cyclic processes for ALE. The last item is needed to understand the 

reaction pathways of etching product removal by comparing electron- and thermal-activated 

desorption. Miyoshi et al. presented ALE of Si3N4 in an etcher that consists of a remote plasma 

source and an infrared (IR) lamp.69, 70, 213-215 The HFC-based remote plasma produced the 

reactive neutrals that selectively modify the Si3N4 surface, forming an ammonium fluorosilicate 

layer (NH4)2SiF6. A sequential IR annealing step heats the sample to a temperature for enabling 

desorption of ammonium fluorosilicate in a self-limited manner. Repeating these two steps can 

achieve the desired etching amount of Si3N4 with selectivity to SiO2.  

 Our system uses remote plasma for surface modification, but the etching step is done by 

EB irradiation. An early trial utilizing Ar/CH3F/O2 remote plasma with EB did not develop 

promising etching selectivity of Si3N4 over SiO2 in comparison with Ar/CF4/O2 remote plasma 

with EB. If we can understand the difference of desorption pathways between EB and IR, it will 

expand the knowledge of surface modification through complex precursor chemistries and 

promote the realization of more selective ALE applications useful for both isotropic and 

anisotropic pattern transfer.  
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