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Abstract 

 

Plasma etching is a widely used method to pattern materials in the fabrication of 

microelectronic devices. As the minimum feature sizes, or so-called critical dimensions, 

shrink beyond 14 nm, plasma etching processes need to be ever more tightly controlled. 

At low pressures in the range of 1-100 mTorr, typical in current plasma processes, the 

~cm mean free path of species ranges are comparable to reactor dimensions. 

Consequently,  gas phase reactions (especially three-body processes) become less likely 

and heterogeneous reactions on chamber walls become increasingly important. The 

surface layers formed on the reactor walls become a source of production or loss of 

species. As a result, shifting plasma composition leads to process drifts, leading to 

changes in etching rates, profiles, selectivity, and yields. Hence, it is of prime importance 

to understand the interactions of plasmas with the dynamic chamber wall surfaces. 

HBr plasmas are used to etch Si, as well as GaN, PZT, InP, indium zinc oxide and 

other materials. In Si etching, HBr plasmas create better anisotropic profiles than Cl2 

plasmas, with better selectivity toward SiO2. Selectivity can be further improved by 

adding oxygen to the plasma. The feed gas composition of HBr/Cl2/O2 plasmas is 

optimized to best meet the needs of the particular application. Keeping such a complex 

process stable over time requires tight control over all plasma parameters, including 

reactor wall conditions. Here, we have studied the interaction of HBr/Cl2/O2 inductively-

coupled plasmas with reactor chamber wall deposits, with and without Si etching, using 

the “spinning wall” technique.  
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The spinning wall is part of the reactor chamber walls, allowing near-real time 

analysis of the composition of surface layers via Auger electron spectroscopy, and 

determination of species desorbing off the walls by mass spectrometry. In HBr plasmas 

with no bias voltage on the Si substrate, and hence no Si etching, HBr is ~30% 

dissociated and H2 and Br2 form in the plasma. Layers deposited on the reactor chamber 

contained little if any Br under these conditions. Adding O2 to an HBr plasma leads to 

formation of Br2 and H2O products that desorb from the spinning wall. H2O has a very 

long residence time on the surface. With bias voltage applied to the Si substrate in an 

HBr plasma, SiBr and SiBr3 are prominent mass spectrometer signals, SiBr2 and SiBr4 

appear to be the major gas phase components, and a SiOxBry layer deposits on the 

spinning wall. Adding 20% O2 to HBr stops etching and eliminates Br from the surface 

layer, indicating that Br on the reactor walls is a result of SiBrx impingement, and not 

from bromination by impinging Br.  

With HBr/Cl2 plasmas and no bias on the stage, a SiOxCly layer deposits; no Br is 

detected. In addition, the mass spectrum of HBr and Cl2 gas mixture without plasma 

revealed HCl, Br2 and BrCl species. Further experiments revealed that these products 

were the result of reactions between HBr and Cl2 on the plasma reactor walls. With 

plasma and bias on the Si substrate, both Br and Cl incorporate in a depositing layer. 

Adding 20% O2 to a HBr/Cl2 plasma with substrate bias suppresses Br adsorption, but Cl 

still adsorbs. In 40% O2/HBr/Cl2 plasmas with stage bias, Cl adsorption also ceases. 
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Chapter 1  

 

Introduction 

1.1 Plasma processing 

Current developments in electronics and communications have been phenomenal, 

enabling the advent of smartphones, tablets and various other sophisticated devices. The 

key component in all modern electronics is the transistor. Back in the 1970s, there were 

less than 10,000 transistors on a chip but today’s state-of-the-art technologies pack more 

than 2 billion transistors on a chip. Transistor packing density has followed the trend 

popularly known as the Moore’s Law suggested by Gordon Moore in 1965, an extension 

of which is shown in Figure 1.1.  

The logic and memory devices used to build digital circuits go through a number 

of processing steps mainly categorized as deposition, removal, patterning and 

modification of electrical properties. Plasma processing is widely used in deposition and 

removal of material. Plasma is the fourth state of matter consisting of charged species 

(positive and negative ions and electrons), neutral species (feed gas, fragmented 

molecules and radicals) and photons. It is most often used to etch material anisotropically 

because of the presence of ions that bombard the wafer surface at near normal incidence 

when a radio frequency bias is applied on the wafer stage. Wet or purely chemical 

gaseous processes etch the surface isotropically, which is undesired in most cases. A 

pictorial representation of isotropic vs anisotropic etching is shown in Figure 1.2. The 
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presence of radicals, ions, electrons and UV photons makes the plasma etching chemistry 

very rich. With great care and experience, the industry has learned how to etch Si, SiO2, 

Si3N4, polymer films, and other materials with precision and selectively, as well as how 

to deposit materials such as silicon-dioxide and silicon nitride. 

 

Figure 1.1: Plot of the number of transistors in a central processing unit (CPU) vs. the  

                   date of its introduction. The line corresponds to exponential growth with  

                   transistor count doubling every two years. 

 

http://en.wikipedia.org/wiki/Exponential_growth
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Figure 1.2: Pictorial representation of isotropic etching (chemical etching) vs ion- 

                    assisted anisotropic etching. Left: Stack before etching, Middle: Stack after  

                    isotropic etching, Right: Stack after anisotropic etching. 

 

Etching in plasmas takes place by the formation of volatile reaction products. For 

instance, in a Cl2 plasma etching of Si, SiCl4 forms by reaction of Si with mainly Cl and 

Cl2 to form a chlorinated Si surface layer containing SiClx (x = 1, 2, or 3), followed by 

ion bombardment-assisted desorption of products that also can include a distribution of 

Si:Cl stoichiometries, including SiCl4. Ion-assisted etching was demonstrated in a highly-

cited paper by Coburn and Winters[1] where they have shown Si etching in XeF2 plasma 

is enhanced by Ar ion bombardment as shown in Figure 1.3.  

Reaction products are fragmented by electron impact in the plasma. At low 

pressures (1-100 mTorr) the mean free path of species become comparable to reactor 

dimensions and so gas-phase three body reactions become unlikely and reactor walls 

provide for the third body. Species with higher sticking coefficients react and sometimes 

form a layer on the chamber walls with or without the assistance of other species of the 

plasma e.g., silicon-chloride species were found to form a silicon-chloride layer in the 

presence of oxygen[2]. The surface layers become a source of production and loss of 

species. Therefore, a complete description of plasma involves the knowledge of gas-

phase reaction kinetics[3, 4] such as in dissociation[5] and ionization; wall and wafer 
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surface reaction mechanisms e.g, sticking probabilities[6], recombination[7, 8, 9, 10], 

surface adsorption[11, 12, 13], catalytic[8, 13, 14] or stimulated processes[15]; charge 

transfer[16] and perhaps surface processes induced by metastables. 

Many studies have been carried out to analyze the wafer and reactor surface 

composition by XPS[17, 18, 19, 20, 21, 22, 23], Auger electron spectroscopy[24, 25, 26], 

laser-induced thermal desorption laser-induced fluorescence (LD-LIF)[27, 28, 29], and 

ellipsometry[30, 31, 32], as well as the plasma composition by mass spectrometry[33, 34, 

35, 36], optical emission spectroscopy[37, 38, 39, 40, 41] and absorption 

spectroscopy[42, 43, 44] during etching processes. Studies have shown that etching 

products are fragmented in the plasma and re-deposited on the wafer being etched[45] as 

well as reactor walls. These layers lead to changes in etching rate, feature sidewalls, 

profile, selectivity, yield, and uniformity. 

 

Figure 1.3: Ion-assisted gas-surface chemistry using Ar
+
 ions and XeF2 on silicon[1]. 
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1.2 Plasma-surface interactions 

The interaction of plasma with all the exposed surfaces is a very important 

concern for controlling plasma processes. One of the important surface processes is 

recombination of radicals on the chamber walls. The recombination coefficient (γ) is 

defined as the probability that a radical impinging on a surface recombines. For example, 

Cl impinging on a surface recombines to form Cl2 by the process  

)()()(2 22 gasCladsCladsCl  ,      

 (1) 

where Cl(ads) and Cl2(ads) are adsorbed Cl and Cl2 and Cl2(gas) is gaseous Cl2. So, 

incident

recombined
Cl

Cl

Cl

][

][2 2 ,       (2) 

where [Cl2]recombined is the flux of recombined Cl2 molecules, and [Cl]incident is the flux of 

Cl radicals impinging on the surface. Several studies report the effect of the Cl 

recombination coefficient on plasma properties. 

Lee et al.[46] have developed a global model of high-density Cl2 plasmas, treating 

the Cl recombination coefficient as an adjustable parameter. A high Cl recombination 

probability provided an additional source of Cl2 molecule and enhanced the 

electronegativity of the plasma. This resulted in decreased positive ion density, lower 

dissociation and increased electron temperatures. 

Xu et al.[47], in a decoupled plasma source etcher, observed that Cl and Br 

densities are >60% smaller in a chamber with “clean” anodized aluminum surfaces 
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compared to the chamber coated with SiO2; poly-Si etching rate dropped in the chambers 

with “clean” surfaces. The drop in radical densities was attributed to low recombination 

probabilities of radicals on the chamber walls with silicon-oxide layer. Cunge et al.[48] 

measured the Cl and Cl2 number density using laser absorption and found the dissociation 

of Cl2 to be 80% at low power (100 W) in SiOCl walls as compared to 40% at high 

power (90 W) in AlF reactor. They attributed this difference to low recombination 

coefficient of Cl on SiOCl walls (< 0.005). 

A similar study by Ullal et al.[37] investigated plasma etching of silicon in a Cl2 

ICP in a chamber with anodized aluminum walls and a quartz window. They found that 

in the presence of oxygen (coming from the slow etching of quartz window), a layer of 

silicon-oxide is deposited on the walls which decreases the loss of chlorine atoms and 

SiClx species and increases the ion flux due to higher SiClx concentration in the gas 

phase. The anodized aluminum wall was recovered by using an SF6/O2 plasma to clear 

the deposits. 

Many studies have been done to measure γCl on a variety of surfaces. Kota et al. 

have shown that the γCl varied from a low value (<0.05) for crystalline silicon, to higher 

values of ~0.7 for stainless steel and ~0.4 for tungsten[10]. Corr et al.[49] performed 2-D 

fluid model simulation to predict Cl atom recombination coefficient (γCl) on stainless 

steel walls. The best fit of their model with the experiment data was found to be at γCl = 

0.02 much smaller than what had been found by Kota et al. 

Oxygen plasmas have been widely used for treatment of surfaces of organic and 

inorganic materials in the microelectronics industry. Booth et al.[50] used time-resolved 

actinometry to measure sticking coefficients of oxygen (αO) and fluorine (αF) on stainless 
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steel reactor walls in the afterglow of modulated electron cyclotron resonance (ECR) 

plasma. While αO was found to be 0.5 in pure O2 plasma, it decreased to 0.09±0.01 when 

4% F2 is added to it. The decrease in αO was attributed to the sites occupied by F atoms. 

Guha et al. measured the recombination probabilities of oxygen on anodized aluminum 

wall to be 0.043[51] while on stainless steel walls[7] it varied between 0.13-0.09 

depending on the plasma exposure time. 

Different values of recombination coefficient of oxygen (γO) have been reported 

on the stainless steel surface by several groups. Mozetic and Zalar[52] utilized 

temperature rise measurements to calculate γO on stainless steel surface in an ICP. Due to 

the recombination of oxygen atoms on stainless steel disc, the temperature of the disc 

rises above the ambient temperature. The rate of heating depends on the O flux, binding 

energy of the oxygen molecule and the recombination coefficient. They obtained a value 

of 0.07±0.009. Singh et al.[34] developed the steady state global model and estimated the 

γO to be 0.17±0.02 while Tserepi and Miller[53] obtained γO in the range 0.006-0.013 in a 

parallel-plate rf discharge. Such variations in recombination coefficients for similar 

plasmas are typical and highlight the uncertainties in recombination coefficients 

connected with process variations. 

Surface recombination kinetics can also depend on operating parameters such as 

power and gas pressures. Tserepi and Miller[53] used two-photon-allowed laser-induced-

fluorescence [TALIF] and titration with NO2 to determine O atom concentration in a 

parallel plate rf discharge using stainless steel electrodes. γO was found to increase from 

0.006 at 3 Torr pressure to 0.013 at 0.1 Torr. γO increased from 0.0075 to 0.013 as power 

increased from 55W to 90W at 0.2 Torr pressure. They attributed the change to enhanced 
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creation of recombination sites due to increased ion bombardment at lower pressures and 

higher powers. It is worth pointing that this is in contradiction to the experiments by 

Kurunczi et al.[54] in our group on the “spinning wall” apparatus where the authors 

observed no effect of ion bombardment on oxygen atom recombination kinetics. The ions 

were repelled by a grid, placed in front of the spinning wall surface, with positive 

potential. 

Reactor walls can become contaminated with trace metals during etching 

processes that penetrate to underlying metal layers, as for example in the etching of 

dielectrics in the dual damascene structures[55] as shown in Figure 1.4. Such metal 

contaminations have been found to affect plasma properties. Our group studied the effect 

of Cu on SiO2 surfaces[8] on the recombination of O atoms and found that coverages of 

much of less than a monolayer (~0.002 monolayers) cause an increase in γO by ~60% 

which is explained by the catalytic redox cycling between Cu
+
 and Cu

2+
. In another 

study[56] by our group, given in detail in Chapter 4, it was observed that the O 

recombination coefficient decreased from 0.034 on a “Ti-free” oxidized silicon surface to 

0.022 at “17% Ti”-contaminated surface. A possible mechanism leading to this change 

was proposed in which Ti reacts with Si-O● sites to form Ti-O● sites and these TiO 

sites are less efficient for O recombination. 

A theoretical study for low pressure, high density chlorine discharge revealed that 

O2 addition to Cl2 plasma also leads to wall recombination of Cl and O atoms to form 

ClO and leads to loss of Cl radicals[4]. ClO and ClO2 formation in Cl2/O2 plasmas was 

studied by our group[57]. Desorption fluxes due to ClO and ClO2 is shown as a function 

of % O2 in Cl2/O2 plasmas in Figure 1.5. 
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Figure 1.4: Process steps to fabricate dual damascene structure with copper and a low-k  

                    dielectric. 
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Figure 1.5: ClO (blue, squares) and ClO2 (green, circles) formation is shown as a  

                    function of increased O2 fraction in mixed Cl2/O2 plasmas[57]. Cl2 (black,  

                    triangles) and O2 (red, stars) desorption fluxes are also shown. 

 

In addition to the recombination reactions on reactor walls, etching and deposition 

reactions on wafer surfaces resulting in the formation of layers with varying compositions 
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can affect the processes. Oxygen is added to chlorine plasmas to enhance the selectivity 

of etching Si over SiO2. Nojiri et al.[58] found that adding 10% O2 to a Cl2 electron 

cyclotron resonance (ECR) plasma increases the etch rate of WSix/poly-Si and the 

selectivity of poly-Si-to-SiO2 ten-fold. The higher etch rate of WSix could be due to the 

formation of a more volatile product WOCl4 rather than WCl6. The silicon oxide 

passivating layer formed on the wafer due to oxygen addition suppresses oxide etching 

with no change in poly-Si etching rate, thereby, increasing the selectivity of poly-Si/SiO2. 

SiOx layers deposited on the sidewalls also makes etching more anisotropic. The amount 

of oxygen added to the Cl plasma is also critical. Zau and Sawin[59] report that poly-Si 

etch yield increases initially by adding small amounts (0.001-2%) of O2, due to a 

lowering of the recombination probability of Cl atoms on SiOx wall layers, and then 

decreases sharply for >6% O2 addition, due to non-penetration of Cl atoms through the 

passivating oxide layer formed on the substrate. 

1.3 Surface-related phenomenon 

Differences in the reactivities of various surfaces are related to the adsorption 

sites available and the type of bonding. Doll and Harrison[12] studied the Cl adsorption 

on a Ag (111) surface using density functional theory and found that face-centered cubic 

(FCC) hollow structures provided the most favorable adsorption sites and the Cl-Ag 

bonding was more ionic than covalent. A similar theoretical study by Mitsutake et al. 

revealed that the dissociative adsorption of Cl2 on Al (001) surfaces is instantaneous[11], 

has no activation barrier and involves charge transfer from the Al surface to the anti-

bonding state of Cl2, thereby forming an ionic bond between Cl atoms and Al surface. It 

is also known that Cl2 dissociatively sticks to the Si (100) surface at the site of silicon 
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dangling bonds. Kota et al. have reported that the uptake of Cl atoms on Si to be more 

than Cl2 molecules[60] under similar conditions which is due to the higher penetration 

and multilayer adsorption of Cl atoms in comparison with molecular chlorine which is 

confined to only the first layer[61]. This effect leads to a higher etch rate of n+ Si with Cl 

atoms. 

The availability of sites can also affect the recombination kinetics. Using the 

spinning wall method, Stafford et al. found that the Cl recombination probability changes 

when the Cl-to-Cl2 ratio in the plasma changes at different powers and pressures[9]. 

Combining results with earlier studies, the authors obtained a “universal dependence” of 

γCl in the presence of adsorbed Cl2, as shown in Figure 1.6. The spinning substrate study 

is shown in solid (black) inverted triangles, triangles, circles, squares corresponding to 

20, 10, 5 and 1.25 mTorr reactor pressures respectively. Values from Stafford et al. of 

surface wave plasmas[62] (□, pink), Malyshev and Donnelly in ICP[39] (○, red), Corr et 

al. (∆, green)[49], and Richards and Sawin in CCP[63] (◊, blue) are also shown. γCl was 

found to increase when the Cl-to-Cl2 number density ratio increases suggesting blocking 

of recombination sites in the presence of adsorbed Cl2. 

1.4 Methods to study plasma-surface interactions 

Several research groups have studied plasma-surface interactions through 

modeling and experiments. Experiments have been carried out impinging beams of 

neutral and ionic species on surfaces, and analyzing the surface either during a plasma 

process in situ or ex situ. Some of these studies are summarized below. 
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Figure 1.6: Recombination coefficient of Cl atoms reported by different groups on  

                    plasma-conditioned stainless steel surfaces as a function of Cl-to-Cl2 number   

                    density ratio.  

 

1.4.1 Beam studies to simulate a plasma 

Winters and Coburn[1] conducted beam experiments to investigate the 

importance of ion-bombardment on etching. They used beams of reactive neutral species 

(XeF2) and charged species (Ar
+
 or electrons), directed at poly-Si and other substrates, to 

determine the synergy in etching rates between the radicals and ions/electrons. They 

found that with Ar
+
 bombardment, the XeF2 etching rate of Si increased by eight times 

over the sum of the etching rates with only XeF2 and only Ar
+
 as is shown in Figure 1.1. 
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The rate limiting step was proposed to be dissociative chemisorption of F radicals on the 

Si surface enhanced by ion bombardment.  

In another study[64], Kota and coworkers studied Br and Cl interactions. Three 

types of surfaces were prepared by sputter cleaning and then exposing Si to a beam of Cl, 

Br, or F. Cl-exposed surfaces were then exposed to Br and vice versa, and modulated 

beam mass spectrometer signals for ClBr were recorded to study abstraction reactions. 

They concluded that the abstraction reaction is pseudo-first order in the incident Br flux.  

Similar results were obtained for ClF when F-exposed surfaces are exposed to Cl and 

vice versa. Homonuclear abstraction reaction with Cl was also studied by exposing 

isotopic Cl (95% 
35

Cl and 5% 
37

Cl)-exposed W surface to natural abundance Cl (75% 

35
Cl and 25% 

37
Cl) source. 

72
Cl2 signal intensity analysis suggested abstraction of 

isotopically enriched Cl by naturally occuring Cl. The abstraction reaction happens at 

reactive sites, and only a fraction of Cl atoms were abstracted. The total Cl radical 

coverage on W, and poly-Si, was 5 X 10
15

, and 1.6 X 10
15

 cm
-2

, respectively, and the 

fractions of active sites was 0.31, and 0.4, respectively. The reaction mechanism could 

either be ER or LH. Kota et al.[10] estimated recombination coefficients of Cl atoms on 

different surfaces using modulated beam mass spectrometry to analyze incident and 

reflected beam (of atoms and molecules) compositions on different surfaces.  

Beam studies were also done by Sawin and coworkers[65] to simulate 

fluorocarbon plasma etching of silicon oxide. CF2 and F beams were directed at SiO2 

substrates with Ar
+
 bombardment. The ion-enhanced etching yield of F was observed to 

supersede that of CF2 suggesting a two-step reaction process for CF2 of ion-induced 

adsorption followed by ion-induced volatile product formation. Poly-Si etching using Cl 
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and Cl2 beams were also studied with Ar ion bombardment[66]. Cl etching rates were 

found to be higher than those for Cl2 at high neutral-to-ion fluxes, most probably due to 

the slower dissociative adsorption of Cl2 on the surface compared to adsorption of Cl. 

When Cl
+
 was used instead of Ar

+
, etching yields for Cl increased further, most likely 

due to the chemical contribution of Cl
+
 ion compared to momentum transfer by Ar

+
[67]. 

Vitale et al.[68] studied the etching yields for Si in F2, Cl2, Br2 and HBr plasmas 

by extracting the neutrals and ions through a negatively biased grid. With a neutral-to-ion 

ratio of ~1000, they found that etching yields of Cl2 and HBr are similar but with a 

smaller etching rate with HBr, ascribed to lower ion fluxes. The ion energy threshold of 

Si etching yields were ordered as F2<Cl2<HBr<Br2<Ar. Similarly, fluorocarbon etching 

of silicon oxide was also studied and low energy ion-induced deposition of fluorocarbon 

was proposed[69]. 

Fisher and coworkers[70] used a technique dubbed “imaging of radicals 

interacting with surfaces” (IRIS) to study reactive radicals. The species from the ICP 

were collimated through slits and impinged on a surface under ultrahigh vacuum. 

Incident and scattered beams were analyzed by laser induced fluorescence using an 

intensified charge-coupled detector (ICCD) camera. SiH reactivity was found to be high 

(~95%) on a-Si:H surfaces during deposition while half of OH radicals were reflected 

from the SiO2/Si3N4 surfaces. Similar studies were done on plasma-surface interactions 

with polymer materials[71]. CF2 impingement on a variety of surfaces (SiO2, Si3N4, Si, 

stainless steel, and photoresist) resulted in deposited films that were found to be identical 

in composition. The scattered beam flux of CF2 was found to be higher than the incident 

CF2 flux, suggesting that surface reactions form CF2. 
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Plasma-surface interaction mechanism for the ion-assisted etching of Si was also 

studied by Stevens et al[72]. Etchant (XeF2) and ion (Ar
+
) beams were focused on Si and 

the damage on the surface layers were determined using in situ Spectroscopic 

Ellipsometry (SE) experimentally and compared with molecular dynamics (MD) 

simulations, shown in Figure 1.7, by Humbird et al[73]. The thickness of damaged layer 

was observed to saturate after few seconds of ion exposure and increase with increasing 

ion energies. Similar observation was reported by Layadi et al. by using real time in situ 

SE to study the damage in Cl2 etching of Si[74]. 

 

Figure 1.7: Snapshot images of simulation cells for 20-200 eV Ar ion bombardment on  

                    crystalline Si[73]. 

 

Durbin et al. studied the formation of chlorides on Si(111)-7x7 and Si(100)-2x1 

surfaces using radical beams[75] and SXPS (soft x-ray photoelectron spectroscopy) and 

concluded that Cl forms mono-, di-, and tri-chlorides on Si(111) surface whereas it 

mostly forms mono-chlorides on Si(100) surface. The difference is attributed to the 
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manner in which reconstruction of these surfaces takes place with Si(111)-7x7 having 

rest atoms, adatoms and penetration of Cl through a couple of monolayers into the 

surface while Cl is most likely to attach to Si-Si dimers on Si(100)-2x1 surfaces. 

1.4.2 In situ methods 

Ullal et al. studied the effect of chamber wall compositions during chlorine 

plasma etching of Si[37]. In situ surface diagnostics were done with multiple total 

internal reflection–Fourier transformed infrared (MTIR-FTIR) spectroscopy, using an 

infrared-transparent trapezoidal ZnSe crystal placed along the reactor wall. Layers 

deposited on the reactor walls and ZnSe element were determined by recording the 

infrared spectrum and observing absorbances due to the Si-O and Si-Cl stretching 

vibration (for SiOx deposition). In situ studies on the plasma-assisted deposition of silicon 

hydrides on a-Si:H surface have been discussed by Kessels et al. and the determination of 

mono-, di-, and tri-hydrides have been addressed[76]. 

In situ pulsed laser-induced thermal desorption-laser-induced fluorescence (LD-

LIF) along with plasma-induced emission (PIE) has been used to analyze the surface 

composition of Si during Cl2 exposure by Cheng et al[27]. Cl uptake on Si surface layers 

was observed to double when the Cl2 plasma is turned on compared to when only Cl2 gas 

was present. Also, adsorbates are mostly silicon-chloride species and no weakly adsorbed 

Cl2 or Cl was present on the surface. In addition, the silicon-chloride layer composition 

did not change much after plasma was turned off but Cl2 flow was on. This supports the 

ion flux limited etching rate and also the efficacy of post-etching analysis of the 

substrates.  
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1.4.3 Ex situ methods 

Poly-Si samples have been analyzed after etching by transferring the sample 

through a load-lock to a chamber in which angle-resolved x-ray photoelectron 

spectroscopy (XPS) measurements were performed[77]. Selected regions of etched 

patterns were analyzed by utilizing geometric shadowing of photoelectrons by adjacent 

features. Photoresist erosion was not found to play a role in passivating sidewalls, as 

concluded from the absence of carbon on polymer/poly-Si sidewalls. The etching rate of 

poly-Si is also not hampered since only a trace amount of carbon was present in the 

trench bottom. A small amount of Cl compared to O in the SiO layer on the poly-Si 

sidewalls suggested anisotropic-etching is dominant. When 10% O2 is added to Cl2 

plasma[78], poly-Si etched product deposited on photo-resist and formed a thick SiOCl 

layer. The top surface of photoresist has a thinner coating of chlorinated-Si due to ion 

bombardment in the plasma. Studies, done elsewhere, with photoresist and SiO2 masked 

poly-Si surfaces also suggested no effect of mask material on sidewall passivation[79]. 

1.5 Need for a new method: The “spinning wall” 

While all the techniques summarized above provide valuable information about 

plasma-surface interaction, they have limitations when near-real time analysis of plasma-

exposed surfaces is concerned. In beam studies, particular ions with a defined energy and 

neutrals/radicals are directed towards surfaces and provide information about the 

dynamics of particle-surface interaction but the conditions are far from a complex plasma 

processing environment, where the reactor walls are constantly bombarded with low 

energy ions (~10-15 eV) and electrons in addition to high fluxes of several radicals and 



18 
 

etching products such as SiClx, CFx, SiOx, SiBrx etc. which are readily deposited on the 

surfaces. IRIS technique[71] can be helpful in determining sticking coefficients of 

species, but cannot be used to characterize the surface during deposition or etching 

processes. In situ methods such as MTIR-FTIR, can provide information about layers in 

different plasmas but do not provide information on recombination coefficients, reaction 

kinetics data etc. Moreover, MTIR-FTIR is limited to IR transparent surfaces but 

common reactor wall materials like anodized aluminum, stainless steel and SiO2-coated 

surfaces, are opaque. Ex situ methods in which surfaces are analyzed outside of the 

plasma environment can give estimates of the buildup or removal rates of surface species 

but are not useful in predicting sticking coefficients, or surface kinetic parameters due to 

their inability to capture surface phenomenon occurring on the time scales of 

microseconds to milliseconds.  

Under real plasma conditions, we would like to know which species in a plasma 

react on the chamber walls and which species are returned to the plasma. While some 

progress in understanding plasma-surface interactions has been made, most parameters 

like recombination coefficient, sticking coefficient, reaction probabilities and branching 

ratios, activation energies, pre-exponential factors, reaction orders etc. are unknown and 

are largely treated as adjustable parameters in models. New approaches are needed that 

focus on obtaining these parameters independently, to develop accurate models. 

The spinning wall method developed in our lab could answer many of these 

questions. In this method, a cylindrical substrate made of common plasma reactor 

chamber materials (e.g., anodized aluminum, stainless steel etc.) is rotated at a varying 

rate of up to 100,000 rpm between the plasma chamber and diagnostic chamber, 
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repetitively exposing its surface to both chambers. Layers formed in the plasma would 

also deposit on the substrate and can be analyzed in-situ by Auger electron spectrometer. 

Species desorbing on a milliseconds time scale can be identified using mass 

spectrometry. Time-resolved detection of species by varying the wall rotation frequency 

could yield information about reaction kinetics. An ion gauge fitted in the diagnostic 

chamber is used in determining the pressure rise due to recombination. OES can be 

performed at the center of reactor and near the spinning wall to obtain the number 

densities of species impinging on the spinning wall. These studies have led to many 

proposed reaction mechanisms, and deeper insights into plasma-wall interactions. 

 1.6 Motivation for this study 

Chlorine and bromine-based plasmas are extensively used to etch silicon 

selectively over silicon dioxide. HBr is most often used as the bromine source to etch Si, 

along with other materials like GaN[80], GeSbTe[81], PZT[82], InP[83], and indium zinc 

oxide (IZO)[84]. Compared to Br2 plasmas, Si etching yields have been reported to be 

higher in HBr plasmas, attributed mostly to deep penetration of H atoms into the Si 

lattice[68]. Etching rates have been found to be smaller in HBr plasmas compared to Cl2 

plasmas, mostly attributed to lower ion fluxes[68] and/or lower halogen coverages[17]. 

HBr plasmas create nearly ideal anisotropic profiles in Si compared with Cl2[17] and 

SF6[85] plasmas due to the low etching rate of Br atoms for Si sidewalls (compared with 

F-atoms), and the wider angular spread of ions that scatter off the sidewalls (compared to 

Cl
+
). With added oxygen, HBr plasmas also have enhanced selectivity over etching of 

SiO2[85, 86]. 
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Surface reactions in low pressure (<100 mTorr) plasmas play an important role in 

causing process conditions to drift. Recombination of radicals on the chamber walls has 

been found to change plasma properties. Recombination coefficients of Cl and Br atoms 

on various surfaces have been reported by Kota and coworkers[10, 87]. Values for both 

Cl and Br were found to decrease when surface temperature was increased. γCl and γBr 

ranged from a smaller values of <0.05  on c-Si, quartz and photoresist to moderate values 

of ~0.2-0.4 on poly-Si, anodized Al, WSix to high values of >0.4 on metal surfaces like 

W and stainless steel. 

Depositing etching products and their fragments cause the rates of heterogeneous 

reactions that resupply reactive species to the plasma to change with time, thereby 

changing the plasma composition. Hence, it is important to determine the compositions of 

layers on surfaces exposed to the plasma, including the wafer and especially the reactor 

walls with larger surface area. Cheng et al. studied the Si surface composition during 

etching in Cl2/HBr plasmas using laser-induced thermal desorption–laser-induced 

fluorescence (LD-LIF) and x-ray photoelectron spectroscopy (XPS)[17]. They found that 

Cl and Br coverages are proportional to the percentage of Cl2 and HBr in the gas mixture 

but with less coverage of Br in pure HBr, compared with Cl (1.6 times higher than Br) in 

pure Cl2 plasmas. They attributed the lower Br coverages partly to the larger atomic radii 

of Br compared to Cl and partly to the blocking of sites already occupied by H atoms. In 

another study[88], surface compositions during HBr plasma etching of photoresist(PR)-

masked poly-Si were reported. One to two monolayers of SiBr and SiBr2 were found to 

be present on the poly-Si sidewalls, trench bottoms and PR sidewalls. Deposition of SiBr 
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species on poly-Si sidewalls and diminished erosion of poly-Si sidewalls due to low 

reactivity of HBr with poly-Si helps in achieving better anisotropy. 

Etching of Si in an HBr plasma occurs via formation of a Br-rich layer of about 

two monolayers[89]. Spontaneous etching of Si by Br atoms is negligibly slow[68], and 

energetic ions are needed for products to desorb. As oxygen is added to an HBr plasma, 

poly-Si etching rates have been reported to first increase, then abruptly drop to zero[90].  

The abrupt cessation of etching is due to the buildup of a silicon-oxy-bromide layer with 

higher O and lower Br content. Desvoivres et al. also investigated the effects of O2 

addition to a high-density HBr/O2 plasma[91]. As the O2 fraction was increased from 12 

to 17%, the SiOxBry passivation layer that forms on a-Si sidewalls changes from a Br-

rich layer at low oxygen to an O-rich layer at high oxygen fraction. Above 19% O2 

addition, etching of Si stopped. Tuda et al. measured the gate oxide thickness with time 

in the over-etch step during poly-Si etching with HBr/O2 plasmas[92]. They found an 

increase in the oxide thickness initially that they attributed to the deposition of SiBrxOy 

species, formed by the etching of a Si-containing layer that deposited on the reactor walls 

during the poly-Si etching step and reacted with oxygen. They further found an increase 

in the linewidth of the etched gate electrodes[45] and ascribed it to the deposition of these 

SiBrxOy species on the gate sidewalls and mask. 

Ullal et al. studied deposits on chamber walls during Cl2 etching of Si in an ICP 

with a quartz window[37]. They observed that the walls were covered with silicon-oxide 

layers after 20 min of plasma exposure and Cl2 dissociation increased. This was attributed 

to the low recombination of Cl atoms on silicon-oxide layers. Cunge et al. measured the 

gas phase and reactor wall surface compositions in HBr/Cl2/O2 ICPs with UV absorption 
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spectroscopy and XPS, respectively, during a silicon gate etching process[36, 93, 94]. 

They observed that with a HBr:Cl2 ratio of 2:1, SiClx (x=2,4) are the main etching 

products that fragment and deposit a thin SiCl layer on Al2O3 chamber walls. With the 

addition of 7% O2, the wall surface was covered with a thick layer with a stoichiometry 

of Si:O:Cl of 30:23:47. A study of the nature of deposited films formed on Si(100) 

surface during HBr/Cl2/O2 (15:3.5:1) plasma etching and post-etch HF treatment was 

reported by Low et al.[95] Interestingly, Si pillars were present in the deposited films 

with silicon-oxides on top and silicon-oxy-bromides below. They also proposed that 

reactions of OCl and OBr species with Si surface are energetically favorable, forming 

silicon-oxyhalides. 

Vyvoda et al. studied profiles of isolated and nested trenches, isolated lines and 

holes on SiO2-masked crystalline silicon in Cl2 and HBr plasmas at different source 

powers, bias powers and pressures[96]. For 2 mTorr 150 W bias power Cl2 plasmas, 

microtrenching was observed for the trench and line features, which were minimized by 

using a higher bias powers of 250 W. When HBr was used instead of Cl2, trench bottoms 

were flat. Analysis of the SEM micrographs of isolated lines suggested overlapping of 

broad microtrenches in HBr plasma, which resulted in flat bottoms. 

While the studies summarized above have provided insights into the etching 

process in HBr/Cl2/O2 plasmas, there is a need to study the chamber wall surface layers 

and species desorbing from the layers simultaneously in a reactive and dynamic plasma 

environment in near-real time. Previously, our lab reported studies[97] of Cl2 plasma 

etching in which it was found that chlorine plasmas etch SiClx (x<4) layers deposited on 

the chamber walls forming SiCly (y=x+1) products that fragment in the plasma by 
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electron impact. Based on the transient adsorption/desorption of SiCl and SiCl3 radicals 

in plasma with and without Si etching a complex “recycling” mechanism was proposed in 

which species deposit and desorb from the chamber walls many times and get fragmented 

in the plasma before being pumped out. In addition, higher silicon chlorides and oxy-

chlorides were detected.  

Here, we have studied the composition of, and species desorbing from the layer 

that forms on reactor walls during exposure to an HBr/Cl2/O2 plasma, via the spinning 

wall method.  A cylindrical substrate imbedded in the reactor wall was coated in situ with 

an oxidized Si layer and rotated at up to 30,000 rpm, thereby allowing the surface to be 

probed in adjacent diagnostics chambers within as little as 0.5ms after the surface leaves 

the plasma. Surface composition was determined by Auger Electron Spectrometer (AES), 

and species desorbing from the surface were detected with mass spectrometry. 

 1.7 Organization of this thesis 

The importance of studying plasma-surface interactions in etching plasmas and 

the role of chamber walls in changing the plasma composition is discussed in Chapter 1. 

Studies by several research groups working on related topics are reviewed. The chapter 

also explores various other methods that have been used to study plasma-surface 

interactions, and discusses their inability to provide data in near real-time. Hence, the 

need for a new spinning wall method and its principle of operations are introduced. 

Lastly, the motivation of the study is discussed. 

Chapter 2 explains the spinning wall experimental apparatus and its various 

components in detail. The diagnostic tools used in the study include desorption mass 
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spectrometry for detecting line-of-sight species desorbing off the spinning wall, Auger 

electron spectroscopy to characterize spinning wall surface layers quasi in situ, and trace 

rare gas-optical emission spectroscopy in conjuction with actinometry to obtain number 

densities of various species. The principles and methodologies of each method are spelled 

out. Lastly, the procedure to determine Langmuir-Hinshelwood (LH) recombination 

coefficients on surfaces from time-resolved pressure rise measurements is outlined. 

The results of studies of chamber wall interactions with HBr/O2 and HBr/Cl2/O2 

plasmas with and without Si etching are given in Chapter 3 and compared with the results 

from a past study of Cl2/O2 plasmas. Auger and mass spectra are analyzed and time-

resolved desorption of species provide insights into which species are sticking on the 

chamber walls. Lastly, mechanisms of the formation of water and recombination of Br to 

form Br2 are discussed. 

Chapter 4 focusses on the study of the effect of titanium contamination on the 

oxygen atom recombination probability on plasma-conditioned silicon-oxide layers. 

Previously, a similar study was done on the same apparatus in which oxygen atom 

recombination probability on copper-contaminated plasma-conditioned surfaces was 

studied. Copper (Cu) contamination can happen during the dual damascene integration 

scheme where during the dielectric etching process underlying Cu interconnect layers are 

exposed and sputtered on the reactor walls. Similarly, titanium-containing species can 

deposit on chamber walls during metal hard mask processing which uses TiN as the hard 

mask. 

A new method to study prompt surface reactions on surfaces immersed in plasmas 

is given in Chapter 5. The experimental apparatus (a modification from the spinning wall 
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experimental setup) is outlined and first results on the effect of O recombination on Ni-

electroplated alumina surface are reported. 

Chapter 6 concludes the thesis with a summary of the studies done and suggests 

directions for future research.  
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Chapter 2  

 

Experimental apparatus and diagnostic techniques 

Schematics of the experimental setup are shown in Figures 2.1 (top view showing 

reactor chamber, Si wafer-covered stage, which can be rf-biased for enhanced etching, 

differentially pumped spinning wall chamber, differentially cryopumped Auger electron 

spectrometer chamber, in-line cryotrap chamber-differentially pumped intermediate 

chamber-differentially cryopumped mass spectrometer chamber assembly, the tuning 

fork chopper and the Ti physical vapor deposition (PVD) source) and 2.2 (side view 

showing the quartz tube, ICP coil, reactor chamber, Si wafer-covered stage, cryo-trap 

chamber, differentially pumped intermediate chamber and differentially cryopumped 

mass spectrometer chamber) and can also be found in earlier publications[7, 8, 9, 25, 26, 

51, 54, 56, 57, 98, 99, 100, 101, 102, 103]. Feed gases of Ar, O2, HBr, Cl2 or a mixture of 

these gases with or without an added trace rare gas (TRG) mixture enter the quartz 

discharge tube from the top. The inductively coupled plasma (ICP) is generated in the 

discharge tube by powering a 5-turn coil with up to 400W at a frequency of 13.56 MHz 

with a RF generator (ENI, model OEM-25B) through a pi-type matching box. The quartz 

discharge tube is cooled with chilled de-ionized water (2 
o
C) through the annular space 

between the quartz and polycarbonate tubes (see Fig. 2.2). The sputtering of the quartz 

tube leads to trace amount of Si and O in the plasma. A 50 Gauss solenoid electromagnet 

surrounds the ICP source downstream of the coil to confine the plasma.  
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Figure 2.1:  Top View of the experimental setup. 

 

The plasma diffuses downstream to the reactor chamber that is pumped by a 180 

l/s turbomolecular pump (Balzers-Pfeiffer, model TPH 180H C). In this chamber, a 3-

inch diameter p-type silicon wafer is placed on a chilled water-cooled, anodized 

aluminum stage (custom-made), shown in Figure 2.3, which can be either RF-powered 

(13.2 MHz, SRS model DS345 function generator, a 55dB RF power amplifier, ENI 
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model A150, and another pi-type matching network) for enhanced silicon etching or left 

electrically floated for little or no etching. When Si is etched in Cl2 plasmas, SiClx 

products might be generated. With added oxygen, many SiClO-containing products can 

also form. These products can also deposit on the chamber walls including the spinning 

wall. 
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Figure 2.2:  Side View of the experimental setup. 

 

The spinning wall is a Ni-electroplated aluminum hollow cylindrical substrate (1 

inch in diameter and 1 inch in height) housed in a “wall chamber” next to, and separated 

from, the plasma chamber by a conical skimmer for differential pumping. In past studies, 
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anodized aluminum[51, 54] and stainless steel[7, 9] substrates have also been used. The 

surface exposed to the plasma chamber is shown in Figure 2.4a. Top view schematic of 

spinning wall system with spinning wall at rest is shown in Figure 2.4b. 2/3
rd

 of the 

points on the center of the spinning wall surface is outside the plasma chamber and 1/3
rd

 

of the points is inside the plasma chamber. The schematic also shows the mass 

spectrometer at the π position. In past studies[8, 25, 26, 51, 57, 104] mass spectrometer 

was installed at the π position but in this work it was installed at π/2 position. 
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Figure 2.3: Side view of the Si wafer thermally bonded to the anodized aluminum stage  

                    housed in the plasma chamber. Quartz cover is used to protect the sputtering  

       of anodized aluminum in plasma. 
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Figure 2.4: a) A detailed view of the spinning wall, motor and operation pressures. b)  

                   Top view schematic of spinning wall system with spinning wall at rest. 
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The spinning wall is press-fitted onto the shaft of a brushless dc motor with a hall 

sensor (Koford Engineering LLC, 22H5334V, for vacuum application) and was rotated at 

frequencies as high as 30,000 rpm. The motor is powered through an electronic board 

(Koford Engineering LLC, H24V5A) to which 11 Vdc is supplied. A tachometer output 

of 0-5 V pulses is fed to a pulse counter (Hewlett Packard 5308A, 75 MHz) to which a 

D/A (digital-to-analog) converter (HP 5311B) is installed. The analog signal is then read 

by the computer through another A/D converter. 

To study the effect of metal contamination on atom recombination probabilities, 

the chamber adjacent to the wall chamber but with no skimmer was equipped with a 

custom-made physical vapor deposition (PVD) source that deposited metal (e.g. Ti in 

Fig. 2.1) line-of-sight on the spinning wall as it was continuously rotated at 16,000 rpm. 

In a past study, we have deposited Cu[8] and Ti[56] line-of-sight with an evaporation 

source, (shown in Figures 2.1 and 2.5 for Ti). The Ti evaporator consisted of 1 mm thick 

Ti wire (99.99% pure, Sigma Aldrich) repeatedly wrapped around two thick copper rods, 

covered with ceramic beads, spaced 4 cm apart (Figure 2.5). The Ti wire was resistively 

heated to 740 
o
C (at the chamber pressure of 10

-4
 Torr) by passing DC current directly 

through the Ti wire. 

In the present study, a second elongated conical skimmer, installed at the π/2 

position (Figure 2.1) with respect to the plasma chamber, separates the wall chamber 

from two differentially pumped intermediate chambers, and a third, in-line chamber that 

houses a mass spectrometer. A third conical skimmer at the π position separates the wall 

chamber from a differentially cryopumped (CTI Cryogenics, model Cryotorr-8) chamber 

containing an Auger Electron Spectrometer (AES). This chamber is also used to do 
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pressure-rise measurements. In past studies, this position was used for either AES or 

mass spectrometry[7, 26, 57, 99, 102, 103]. The skimmers follow the contour on the 

spinning wall with a uniform gap of ~100 µm between the spinning wall and skimmers 

and thus help in differential pumping of the chambers. This gap was measured using a 

feeler gauge and can be adjusted by the compression of O-ring that seals the skimmer 

onto the flange. As shown in Figure 2.4a, for a certain plasma chamber pressure (P), three 

orders of magnitude reduction in pressure (10
-3

P) is obtained in the wall chamber and a 

further three orders of magnitude reduction in pressure (10
-6

P) is obtained in the adjacent 

diagnostic chambers. As the spinning substrate rotates, points on the surface enter and 

leave the plasma chamber and the two diagnostic chambers, hence desorbing species and 

surface composition can be monitored nearly simultaneously, with delays of as little as 

0.5 ms.  

Detected species desorbing from the spinning substrate pass through 4mm diam. 

holes in a stack of copper plates (Cryo-trap), housed in the intermediate chamber and 

cryogenically (CTI Cryogenics, model Cryo-Torr 100) cooled to 10 – 20 K. They then 

pass through a second 4 mm diam. hole in the second intermediate chamber that is 

pumped by a 440 l/s turbomolecular pump (Pfeiffer, TPU 521), a tuning fork chopper 

(chopping frequency = 103 Hz) in the mass spectrometer chamber, and the ionizer of the 

quadrupole mass spectrometer (Extrel MAX 500). The mass spectrometer chamber is 

pumped by a second cryopump (1500 l/s pumping speed, CTI Cryogenics, model 

Cryotorr-8) to achieve a pressure of the order of 10
-9

 torr. The area of the spinning wall 

exposed to the mass spectrometer side is ~0.77 cm
2
. 
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Figure 2.5: Ti evaporator setup with ceramic beads covering the copper rods. Ti wire is  

                    wound around the rods with both ends connected to the rods at  the bottom.  

                    DC source is connected at the bottom for resistive heating of the wire. 

 

The tuning fork chopper separates the signal for desorption species from the 

background pressure. The background pressure increases due to the desorbing species 

that bounce off the chamber walls several times before being pumped away. Modulation 

of the output signal from the analog preamp of the mass spectrometer channeltron 

electron multiplier (CEM) was observed to be high for halogen gases (e.g., Cl2) as 

compared to O2 as shown in the oscilloscope measurements in Figure 2.6. When the 

chopper is open the total signal comprises of the signal from the background gas in the 

chamber as well as the signal from the line-of-sight leak. Hence, this signal will be higher 
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than chopper-closed signal which detects just the background gas component. This is 

likely due to the fact that O2 does not condense on the cryogenic Cu plates stack. Reactor 

chamber pressure is 2.5 mTorr and plasma is not ignited. 

In-situ Auger Electron Spectroscopy (AES) is used to characterize the spinning 

wall surface while it is exposed to the plasma. Typically 10-20 scans are averaged to 

obtain spectra with adequate signal-to-noise. All scans were done with the plasma on. 

This eliminates any charging problems, since the sample surface potential is fixed at the 

plasma floating potential[25]. A Mu-metal shield is also placed between the skimmer and 

the electron gun to prevent deflection of Auger electrons by the magnetic fields. 
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Figure 2.6: Modulation of line-of-sight O2 and Cl2 signals for the gas leaking around the   

                    spinning wall and reaching mass spectrometer while the spinning wall is at   

                    rest. Reactor chamber pressure is 2.5 mTorr and plasma is not ignited. 
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The trace Rare Gas – Optical Emission Spectroscopy (TRG-OES) technique was 

used to study the number densities of radicals e.g., Cl and O, in the plasma. For this, a 

small amount (5%) of the TRG mixture (20% each of Xenon, Argon and Krypton and 

40% Neon) was added to the feed gas and Xe and Ar emissions were used in addition to 

the Cl and O emissions originating from e-impact excitation. Emission intensities are 

obtained by integrating the area under the atomic emission peaks. The details of the setup 

and the equations to obtain the number densities are given later. 

2.1 Diagnostic techniques 

2.1.1 Mass spectrometry 

The mass spectrometer is an Extrel MAX 500 designed to work in the mass range 

of 1-500 amu. It is operated at 70 eV electron energy and 1.5 mA emission current. It 

consists of an axial beam ionizer, focusing optics, an accelerating pathway, quadrupole 

rods, and a channeltron electron multiplier. The details of the mass spectrometer setup 

can be found in the Appendix A.1. The mass spectrometer signal for a specific mass-to-

charge ratio is comprised of two components: the line-of-sight species, and the 

background species in the mass spectrometer chamber. These two are differentiated by 

the use of a chopper. The chopper-closed signal is from the background pressure while 

the chopper-open signal consists of both background and line-of-sight components. By 

subtracting chopper-closed signal from chopper-open signal we can extract the line-of-

sight component. The difference in signals can be observed in Figure 2.6 for O2 and Cl2. 

The line-of-sight signal from the species desorbing from spinning wall surface, either due 

to reaction between two adsorbed species or has millisecond scale retention time at the 
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surface, and the gas leaking from the wall chamber into the intermediate chamber through 

the small spacing of ~100 μm between spinning wall and intermediate chamber skimmer. 

These two can be differentiated by changing the rotation frequency of the spinning wall. 

This effect is shown in Figure 2.7. “Signal at 0 RPM” corresponds to the signal from the 

line-of-sight leak while “signal at non-zero RPM” corresponds to signal from the species 

desorbing from the spinning wall surface in addition to the signal from the line-of-sight 

leak. The leak component was subtracted from the mass spectrometer signal and scaled 

with the pressure rise measurement in case of only recombination occurring on the 

spinning wall surface. This is then extrapolated to f  ∞ to obtain the recombination 

coefficient. 

The mass spectrometer signal and the chopping frequency are fed to a lock-in 

amplifier (Stanford Research Systems, SR510), and the in-phase component of the signal, 

corresponding to the line-of-sight desorption of species from the spinning wall, was 

extracted, using a time constant of 10 ms (unless otherwise noted). The in-phase signal 

also contains contributions from the gas that leaks around the skimmer and passes line-

of-sight through the apertures. These two components can be separated by varying the 

wall rotation frequency (especially by observing the 0 rpm signal). An example of how 

we distinguish the surface-desorption species ("Signal at non-zero RPM”) from the line-

of-sight leak ("Signal at 0 RPM”) is shown in Figure 2.7.  



37 
 

0 5000 10000 15000 20000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

S
ig

n
a
l 
(a

.u
.)

Rotation frequency (rpm)

HBr

Signal at 0 RPM

Signal at non-zero RPM

 

Figure 2.7: Mass spectrometer signal for HBr (m/e=80) in a 2.5 mTorr 400 W HBr ICP  

                    as a function of rotation frequency without substrate bias. 
 

When a desired pressure is established in the plasma chamber, stable and reactive 

species leak through the small 100 μm spacing between spinning wall and skimmer as 

already noted above. These species create a background pressure in the “wall chamber”. 

At 0 rpm, the mass spectrometer signal comes purely from the species leaking through 

the 100 µm spacing between the skimmer of the diagnostic chamber and the spinning 

wall which arrives line-of-sight to the ionizer aperture. When the spinning wall is rotated, 

the signal is comprised of this signal in addition to the signal arising from delayed 

desorption of species on the spinning wall. 
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Figure 2.8: Mass spectrum of products desorbing from the spinning wall surface with  

                    Si wafer bias in an HBr plasma. 

 

Mass spectrometer measurements were made at a constant amu values (e.g. as in 

Figs. 2.7) or as a function of amu. The latter mass spectra were either partial or complete 

(1-500 amu) scans of the masses of desorbing species with and without plasma. The mass 

increment was 0.1 amu, the dwell time was 500 ms at each mass, and the scan rate was 

12 amu/min. The ionizer current, multiplier voltage and preamp gain are as before but 

sometimes reduced because of the high water background component. An example of a 

mass spectrum during operation of an HBr plasma with bias is shown in Figure 2.8. 

 



39 
 

2.1.2 Auger electron spectrometry 

 Surface layers on the spinning wall were characterized by Auger Electron 

Spectroscopy (AES). AES is an analytical technique used to determine the elemental 

composition and, in many cases, the chemical state of the atoms in the surface region of a 

solid material. AES works on the principle of Auger electron transitions explained in the 

Appendix A.2. The spectrometer (Staib model DESA 100) has a double-pass cylindrical 

mirror analyzer (CMA) with a channeltron electron multiplier (CEM) detector, and an 

axial electron beam source. The high energy (5 keV) electron beam is focused at normal 

incidence on a spot size of 1 mm on the spinning wall surface at a distance of 55 mm. 

The exposed area of spinning wall in this chamber is ~0.77 cm
2
. It is ensured that the 

electron beam focuses on the spinning wall and not on the skimmer. No detectable 

signals were observed for stainless steel (the skimmer material).  

A Mu-metal shield was used to shield Auger electrons after emission from the 

spinning wall until it reaches inside the CMA. The outer casing of the double-pass CMA 

is also made of Mu-metal for shielding throughout the pathway. The complete setup is 

explained in the appendix A.2. 

 An Auger electron spectrum plots the number of Auger electrons, N(E) detected 

as a function of electron kinetic energy, E. Auger electrons ride on a huge background of 

secondary electrons formed through inelastic electron collisions. Elements are identified 

by the energy positions of the Auger peaks, while the concentration of an element is 

related to the intensity of these peaks. At higher energies, the sensitivity of AES drops 

significantly so it is difficult to identify peaks from the background. Therefore, Auger 
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signals are usually differentiated (dN/dE) for peak identification and the derivative is 

multiplied by the energy, thereby enhancing the weaker peaks at higher energies. Spectra 

(i.e., EdN/dE vs E) are also smoothened with either an adjacent-averaging or Savitzky-

Golay techniques to reduce noise. The raw and processed spectra are shown in Figure 

2.9. Elemental peaks are identified and labelled. It is customary that the lowest inflexion 

point is chosen for the kinetic energy. Peak-to-peak intensities (Ii
PP

) of the peaks are 

measured and divided by the sensitivity factor (Si) of those peaks obtained from the Phi 

AES handbook[105]. These ratios are added and individual ratios are divided by the sum 

to get the elemental percentages of the surface layer. 

Scans are done at an e-beam emission current of 0.2 µA to achieve a count rate of 

7x10
4
 counts/second (cps), which is low enough to assure linearity and minimize CEM 

degradation. The CEM voltage was set following the procedure: 1) Set the beam energy 

and CEM at a small voltage and set a kinetic energy at which no peak is expected, 2) 

Increase the multiplier voltage until the signal plateaus. CEM voltage was set to the value 

at which the “knee” is obtained. An example of this procedure is shown in Figure 2.10. 

Since the low energy Si and Al (LMM) transitions are in a region with a large 

background of scattered electrons, a high beam energy 5 keV (instead of e.g. 1.5 keV) 

was used to reach higher energy (KLL) transitions for Si and Al. 
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Figure 2.9: a) Raw and b) Processed Auger spectrum of a Cl2 plasma-conditioned (7  

                    sccm, 2.5 mTorr, 400 W) Ni-plated anodized aluminum spinning wall  

                    surface with plasma on. Beam energy = 5 keV.  
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Figure 2.10: Scan of channeltron multiplier voltage from 2200 to 3000 V at an electron  

                      kinetic energy with no real peak to obtain the “knee” of the curve. 

 

 The incidence of electron beam (0.2 μA) irradiation builds up negative potential 

on the surface if there is no pathway to neutralize that charge. Since the spinning wall is 

mounted on a shaft which is insulated by the ceramic bearings of the motor, the charge 

neutralization is inefficient. This buildup of negative charge on the surface shifts the 

Auger spectra by ~7 eV at electron beam energy of 1.5 keV with plasma off as studied by 

previous investigators[25]. When the plasma is turned on, the ion and electron current 

(~500 μA) from the plasma to the surface pins the surface potential to the floating 

potential. At high beam energies, severe surface charging in the absence of a plasma 

leads to bad spectra with no peaks. However, with the plasma on, peaks were easily 

identifiable. Another interesting observation was the response of Auger CEM to the 

pressure in the chamber for low energies[25]. Intensity of peaks at low energies (<150 
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eV) in the Auger spectrum recorded with the plasma on was found to be smaller than that 

with the plasma off for the same spinning substrate rotation frequency. This was 

attributed to the increase in Cl2 pressure, due to recombination of Cl atoms on the 

spinning wall surface, in the Auger chamber when the plasma is turned on. Similar 

channeltron response was observed when just the rector chamber pressure is increased 

without the plasma turned on. In our studies, only peaks above 150 eV were used, where 

this effect is minimal. 

2.1.3 Optical emission spectroscopy 

 Trace rare gases optical emission spectroscopy (TRG-OES) with advanced 

actinometry was used to measure Cl number density in Cl2 plasmas[104] near the 

spinning wall. For this, a small amount (~5%) of trace rare gas mixture was added to the 

feed gas. The OES setup is shown in Figure 2.11. Line integrated emissions were 

collected through a quartz viewport on a side flange of the plasma chamber. The sampled 

emissions are coming from a ~1.5 cm diam. region ~2 cm above the Si wafer. The 

collimated (to reduce scattered light) emission is focused (using a quartz lens) on the 100 

μm wide slit (spectral resolution of ~2.3 Å) of the 0.35 m focal length scanning 

monochromator (Heath Monochromator, with 1200 grooves/mm grating). The GaAs 

photomultiplier tube was used to amplify the current and wavelengths from 2000 to 9000 

Å were recorded at 600 Å/min. 
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 Figure 2.11: Schematic of Optical Emission spectroscopy setup, showing the plasma  

                      reactor, sampling quartz window, collimator, plano-convex lens,   

                      spectrometer, and current amplifier. 
  

To obtain Cl number density, the emission from Cl at 7924 Å (4p 2P0, J = 3/2 

level, ICl) and Xe 2p5 (Paschen notation, IXe), emitting at 8280 Å, were measured. This Xe 

emission wavelength is a good choice because its energy (9.94 eV) is a good match to the 

energy of Cl emitting levels (10.59 eV). In past studies[57], measurements near the 

spinning wall (~1.6 cm) have also been done while in present study, emission near the 

wafer (at the center of plasma) was measured to calculate Cl number density (nCl) using 

the relationship, 
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obtained from equating the emission ratio to the number densities of Cl and Cl2 as shown 

in the relationship, 
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where SCl2 and SCl are effective pumping speeds of Cl2 and Cl respectively. Cl emissions 

are assumed to come from both electron impact excitation of Cl (with proportionality 

factor Clb ) and dissociative excitation of Cl2 (with proportionality factor
ClClb ,2

). Xe 

emission comes from single step excitation of Xe atoms as well as two-step excitation via 

metastable levels. ICl/IXe is recorded from the light emitted from the center of the plasma. 

This ratio is multiplied by a′ expressed below and depends on electron temperature (Te), 

electron number density (ne), effective length of reactor (l) and the pressure (p), 
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where IXe,ms and IXe,gs are the emission intensities for electron impact excitation of 

metastables and ground states. The values of pressure dependent aʹ, Clb  and 
ClClb ,2

are 

obtained from an earlier publication[99] and are given in Table 1. It is reasonable to 

assume that Xe metastables are quenched with unit probability near the wall, hence 

excitation through metastables can be neglected and a’ ~ 1. In a previous study, a’ICl/IXe 

was found to be same near the spinning wall and at the center of the plasma. It suggests 

that Cl recombination probability near walls is low and is consistent with the values 

obtained on anodized aluminum spinning wall surface[99]. 

0
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n
 is the ratio of Cl2 and Xe number density with plasma off (zero power) and 

is determined from the flow rates and the effective pumping speeds using eqn. (5). Thus, 

we can obtain 
Xe
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n

n
, but to get Cln  we need Xen which can be calculated from 0
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where fCl2 and fXe are the flow rates of Cl2 and Xe, SXe and SCl2 are the effective pumping 

speeds of Xe and Cl2, nT is the total number density of the feed gas, Tg
0
 and Tg are the gas 

temperatures with the plasma off and on, respectively. nXe is inversely proportional to the 
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gas temperature. Tg
0
 is taken to be room temperature, 300 K while Tg was determined by 

measuring the rotational temperature of C
3
Πu state of N2[106]. For this, a small amount of 

N2 was added to the chlorine plasma without bias, at a pressure of 2 mTorr and emission 

from C
3
Πu  B

3
Πg transition in the near ultraviolet region was measured. Tg was 

assumed to be same as N2 rotational temperature, which was found to be 550 K. Near the 

walls Tg ~ Tg
0
 so nXe ~ nXe

0
. In this manner Cl number densities were determined near the 

spinning wall surface and at the center of the plasma. To measure electron temperatures, 

Paschen 2p levels and emission wavelengths of Ar, Kr, and Xe are used, as given in a 

previous study[107].

 

2.2 Determination of recombination coefficients 

 We studied the effect of Ti contamination on the oxygen atom heterogeneous 

recombination coefficient, γo[56]. The motivation for this work came from a past study 

with Cu contamination. As discussed later, it was found that as little as ~0.002 

monolayers of Cu leads to an increase in γo which doesn’t change as more Cu is 

deposited on the surface. Conversely, Ti presence on the surface results in a decrease in 

γo. The increase and decrease in the recombination coefficient is obtained from the 

measurement of rise and fall in the pressure of the Auger chamber, which is pumped by a 

cryopump. The pressure rise is calibrated to the amount of gas release (O2 in this case) in 

the chamber. 

Every point on the spinning wall during rotation is repeatedly exposed to the 

plasma and diagnostic chambers. In an oxygen plasma, some of the oxygen atoms that 
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adsorb on the spinning wall surface recombine and desorb in the diagnostic (Auger or 

intermediate) chamber. The time between O adsorption in the plasma chamber and O2 

desorption in the diagnostic chamber is controlled by the rotation frequency, f, of the 

spinning wall as noted earlier. With this method, we are able to isolate this delayed, 

Langmuir-Hinshelwood recombination (LH) from any direct Eley-Rideal (ER) 

recombination, which this method does not detect. Desorption of recombined species 

causes a pressure rise in the diagnostic chamber.  

We record the pressure while varying the rotation frequency of spinning wall at 0 

rpm and from ~800 to 30000 rpm and plot ΔPf  (= Pf – Pf=0) vs RPM (f is the rotation 

frequency). With the plasma off, any pressure rise with increasing rotation frequency is 

mostly due to desorption of physisorbed gas (e.g., Cl2). With the plasma on, the pressure 

rise can contain contributions from physisorbed species, as well as from Langmuir-

Hinshelwood reactions that lead to recombination of adsorbed species, followed by 

prompt desorption of products. The difference ΔPf = ΔPf
on

 (plasma on) - ΔPf
off

 (plasma 

off) is the pressure rise due to delayed desorption from the spinning wall surface of the 

recombination products (e.g., O2 from O or Cl2 from Cl recombination), and possibly to 

desorption of adsorbed atoms. An example is shown in Figure 2.12. ΔPf
off

 is nearly zero 

for molecules which doesn’t physisorb e.g., O2, and for smooth surfaces on which Cl2 

also doesn’t physisorb[102]. For cases in which physisorption of the feed gas occurs with 

the plasma off, when the plasma is turned on, dissociation of the feed gas reduces the 

contribution of desorption by physisorbed species.[102] In the only case where we 

observed desorption of physisorbed feed gas (Cl2), we found that the plasma-on signal 

(pressure rise or mass spectrometer signal) increased linearly with pressure of the 5 to 20 



49 
 

mTorr range studied. Therefore, to obtain the net signal from recombination products, 

ΔPf
rec

, we scaled ΔPf
off

 for the drop in feed gas number density with the plasma on before  

subtracting it from ΔPf
on

, i.e., 

off

foff

Cl

on

Clon

f

rec

f P
n

n
PP 












2

2
,      (8) 

where nCl2
on

 and nCl2
off

 are the Cl2 number densities with plasma on and off. This pressure 

rise is converted into desorption flux by using calibrations explained in detail in an earlier 

publication[51]. The calibration procedure was done by leaking a small amount of gas 

(e.g., O2, Cl2 and Ar) into the diagnostic (intermediate) chamber. This produces a 

pressure rise (ΔP) in the chamber pumped by the turbo pump. The same flow is then 

introduced in a known sealed volume and a corresponding pressure rise as a function of 

time (dP/dt) is recorded. The leak rate (qL molecules/sec) is thus obtained and is linearly 

correlated with ΔP, 

PqL  ,         (9) 

where α is the calibration constant obtained in the dP/dt measurement. Values of α for 

Cl2, O2 and Ar are 3.89 x 10
21

, 3.94 x 10
21

, and 2.91 x 10
21

. Pressure rises are uncorrected 

for the relative sensitivity of the ionization gauge since it cancels out in the calculation of 

recombination coefficient. Values of α for the Auger chamber was scaled to compensate 

for the difference in pumping speed of the cryopump in Auger chamber as opposed to 

turbopump in intermediate chamber (e.g., α = 6.5 x 10
22

 Torr
-1

s
-1

 for Cl2). The pressure 

rise measurements for O2, Cl2 and Ar can be found in a previous publication[108]. 
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Figure 2.12: Typical plasma on and plasma off pressure rise measurement in the Auger  

                      chamber as a function of rotation frequency of Ni-plated anodized  

                      aluminum spinning wall for a plasma chamber pressure of 2.5 mTorr O2. 

 

The desorption flux, rec

fD , is plotted as a function of reaction time, tr = 1/2f 

because the diagnostic chamber is at π position, defined as the time between the plasma 

exposure and desorption in the diagnostic chamber. A double exponential decay function 

of the form  
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x
y

x
yy

       (10) 

was fitted to the data and extrapolated to tr = 0 (i.e. infinite frequency) to derive rec

fD   to 

simulate the condition that the spinning wall is rotating at infinite frequency and LH 

desorption rate is obtained for a hypothetical condition that surface never leaves the 

plasma. The LH recombination coefficient expression for O atoms is given by the relation 



51 
 

3

2

O

rec

f

O

D





 ,         (11) 

where the factor of 2 accounts for the stoichiometric ratio (two O atoms in O2) and factor 

of 1/3 is to account for the fraction of time that the  spinning wall surface is exposed to 

the plasma during the rotation. The expression for impingement flux (ГO) is given by - 

4

OO
O

vn
 ,         (12) 

where no is the O number density and vo  is the thermal speed of oxygen atoms at 300 K.  

An example of this is presented in Chapter 4 where we discuss the role of Ti 

contamination of silicon-oxide surface on the recombination probability of oxygen atoms. 
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Chapter 3 

 

Chamber Wall Interactions with HBr/Cl2/O2 Plasmas 

3.1 Experimental apparatus and procedures 

The experiment setup has been described in detail in Chapter 2. Only a brief 

summary is presented here. Feed gases of either O2, HBr, HBr/Cl2, HBr/Cl2/O2, or 

HBr/O2 enter the quartz discharge tube from the top, and a 13.56 MHz, 400W inductively 

coupled plasma (ICP) is ignited. A 50 Gauss electromagnet surrounds the ICP source 

downstream of the coil. The plasma diffuses downstream to the reactor chamber that is 

pumped by a turbomolecular pump. In this chamber, a 3-inch diameter p-type silicon 

wafer is placed on a water-cooled, anodized aluminum stage which can be either RF-

powered for enhanced silicon etching or left electrically floated for little or no etching. 

When Si is etched in HBr plasmas, SiBrx and SiHxBry products might be generated[17, 

109, 110]. With added oxygen, many SiHBrO-containing products can also form[45]. 

These products can also deposit on the chamber walls including the spinning wall. 

The spinning wall (Ni-electroplated anodized aluminum) is housed in a wall 

chamber next to, and separated from, the plasma chamber by a conical skimmer for 

differential pumping. A second elongated conical skimmer, installed at the π/2 position 

(Figure 1) with respect to the plasma chamber, separates the wall chamber from another 

differentially pumped intermediate chamber, and a second, in-line chamber that houses a 

mass spectrometer. A third conical skimmer at the π position separates the wall chamber 
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from a differentially cryopumped chamber containing an Auger Electron Spectrometer 

(AES). In past studies, this position was used for either AES or mass spectrometry[7, 8, 

9, 25, 26, 51, 56, 57, 97, 104, 111].
 
As the spinning substrate rotates, points on the 

surface enter and leave the plasma chamber and the two diagnostic chambers, hence 

desorbing species and surface composition can be monitored nearly simultaneously, with 

delays of as little as 0.5 ms.  

Detected species desorbing from the spinning substrate pass through 4 mm diam. 

holes in a stack of copper plates, housed in the intermediate chamber and cryogenically 

cooled to 10 - 20K. They then pass through a second 4 mm diam. hole in the second 

intermediate chamber, a tuning fork chopper in the mass spectrometer chamber, and the 

ionizer of the quadrupole mass spectrometer. The mass spectrometer chamber is pumped 

by a second cryopump to achieve a pressure of the order of 10
-9

 torr. The tuning fork 

chopper separates the signal for desorption species from the background signal. The mass 

spectrometer is operated at 70 eV electron energy and 1.5 mA emission current. This 

signal and the chopping frequency are fed to a lock-in amplifier and the in-phase 

component of the signal, corresponding to the line-of-sight desorption of species from the 

spinning wall, was extracted, using a time constant of 10ms (unless otherwise noted). The 

in-phase signal also contains gas that leaks around the skimmer and passes line-of-sight 

through the apertures. These two components can be separated by varying the wall 

rotation frequency (especially by observing the 0 rpm signal). 

The quadrupole power supply (QC) of the mass spectrometer was resonated to 

increase its sensitivity for m/e values above 150 amu. The sensitivity of mass 

spectrometer at higher masses was verified by flowing a known calibrator compound 
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(heptacosafluorotributylamine, formula: C17F27N, Sigma Aldrich) through the mass 

spectrometer and measuring its cracking pattern while the mass spectrometer is set at a 

small m/e value of 10 amu at which no real signal is present. For this, the reactor chamber 

base pressure was <10
-6

 Torr. A glass bottle was filled with the calibrator compound at 

room temperature and attached to the reactor chamber. The bottom of glass bottle was 

cooled by dry ice, to condense the calibrator compound vapors and release the dissolved 

air. The glass bottle was then pumped by the reactor chamber turbopump for 30 min after 

which reactor chamber turbopump was valved off. Gaseous species passed through the 

reactor chamber, the reactor chamber skimmer, around the spinning wall in the wall 

chamber and through the diagnostic chamber skimmer to reach mass spectrometer 

ionizer. Before resonating the QC (bottom trace, black), masses above 150 atomic mass 

units (amu) were absent, while after resonation (top trace, red), peaks at m/e= 69, 131, 

219, 264, and 414 (not shown) amu were observed as shown in Figure 3.1. The cracking 

pattern matched well with the measured values. 

In-situ AES is used to characterize the spinning wall surface while it is exposed to 

the plasma. The spectrometer has a double-pass cylindrical mirror analyzer with a 

channeltron electron multiplier detector, and an axial electron beam source focused on a 

spot size of 1 mm on the spinning wall surface at a distance of 55 mm. Scans are done at 

an electron beam energy of 5 keV and an emission current of 0.2µA to achieve a count 

rate of 7x10
4
 counts/second, which is low enough to assure linearity. Typically 10-20 

scans are averaged to obtain spectra with adequate signal-to-noise. All scans were done 

with the plasma on. This eliminates any charging problems, since the sample surface 

potential is fixed at the plasma floating potential[25]. A Mu-metal shield is also placed 
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between the skimmer and the electron gun to prevent deflection of Auger electrons by the 

magnetic fields. 
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Figure 3.1:  Cracking pattern of heptacosafluorotributylamine in the mass spectrometer  

                     before (bottom) and after (top) resonating the QC. 

 

3.2 Results and Discussion 

3.2.1 Starting surface 

Si was periodically sputter-deposited on the spinning substrate by operating a 

400W Ar ICP with –150 Vdc self-bias on the Si wafer-covered stage. This surface was 

then oxidized in a 400W, 2.5 mTorr O2 ICP (5 sccm) for 60 min, while the spinning wall 
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was rotated at 16000 rpm. Slow erosion of quartz discharge tube in the plasma liberates O 

and Si that deposits an additional silicon oxide layer on all surfaces. The composition of 

this layer on the spinning wall surface was Si:O = 53:47, as shown in Figure 3.2. This 

was the “starting surface” on which we studied delayed Langmuir Hinshelwood reactions 

in HBr/Cl2/O2 plasmas. 
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Figure 3.2: Auger electron spectra recorded in the absence of Si etching (no applied  

                    substrate bias) for the starting surface (bottom), ICP-conditioned surfaces in  

                    HBr (second from bottom), and HBr/Cl2/O2 (top four). 
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3.2.2 HBr/O2 plasmas with and without bias 

i. Reactor wall surface composition 

a. Without Bias 

The gas was switched to HBr (5 sccm) and a pressure of 2.5mTorr was 

established in the reactor chamber before igniting the plasma. The spinning wall rotation 

frequency was fixed at 16000 rpm. After 20 min of continuous plasma exposure, AES 

spectra (Figure 3.2) revealed a Si:O ratio of 52:48, similar to the starting surface, and no 

detectable Br. This could be due to the weaker Si–Br bond (~2.3eV, taken as the Br3Si–

Br bond strength[112]), relative to the Si–O bond (between 8.29eV, the SiO(g) bond 

energy, and 4.8eV, the average bond energy of Si–O[113]). In addition, H atoms 

generated by electron impact dissociation of HBr may preferentially react with SiO sites 

to form SiOH (with bond energy of 5.2eV, taken as the bond energy of SiO–H in 

silanol[114]) compared with Br to form SiOBr (bond energy of SiO–Br ~ 2.4eV[115]). It 

should be pointed out that at times, some Br has been detected on surfaces exposed to a 

pure HBr plasma as shown in Figure 3.3 (bottom trace). For these cases, the addition of 

20% O2 leads to the elimination of Br from the surface (top trace in Figure 3.3). 

Apparently the presence of adsorbed Br depends on the O:Br ratio in the plasma staying 

below a certain level. Layers formed on pure Cl2 plasma-conditioned spinning wall 

surface was studied by our group on the same apparatus earlier[97]. 14% Cl was present 

in the silicon oxy-chloride layers deposited on the spinning wall and reactor walls. The 

presence of Cl on the surface could be attributed to the high reactivity of Cl atoms 

compared to Br atoms. 



58 
 

400 500 1400 1600 1800

0.0

0.5

2.0

2.5

 

 

Si:O:Br = 44:56:0
E

 d
N

/d
E

 (
x
1
0

6
 a

.u
.)

E (eV)

20% O
2
/HBr plasma

HBr plasma

Si:O:Br = 45:21:34

O Br Si

 

Figure 3.3: Auger electron spectra recorded without Si etching for the surfaces in HBr  

                    (bottom), and 20% O2/HBr (top) plasmas. The spinning wall rotation speed  

                    was 16000 rpm. Other conditions were the same as for Figure 3.2. 

 

b. With bias 

An O2 plasma was operated for 60 min to prepare the starting surface again. A 

400W HBr ICP was then ignited without any bias for 5 mins. Bias power (45W at 13.2 

MHz) was then delivered to the Si substrate stage, resulting in a self-bias of -120 Vdc and 

etching of the Si wafer. Etching products deposited on the chamber walls and spinning 

wall. After 15 min, the surface composition stabilized at Si:O:Br = 32:7:60, as shown in 

Figure 3.4. Addition of 6% O2 to the HBr ICP didn’t change the surface composition 

significantly, but with 20% O2, O largely displaces Br (Si:O:Br = 38:50:11), as shown in 

Figure 3.4. A small further decrease in Br occurs at 40% added O2. In a previous 

publication[111], the change in surface layer composition in mixed Cl2/O2 plasmas was 
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studied on the same apparatus. Addition of about 5% O2 in Cl2 plasma with -108 Vdc 

bias on the Si wafer stage resulted in an oxidized Si surface with very little Cl (< 4%). 

The recombination coefficient of Cl was measured as a function of fractional composition 

of O atoms on the spinning wall surface layers. γCl was below detection limit for the 20% 

oxygen in the surface layers, observed in a pure Cl2 plasma, but increased for higher O 

fractions when O is added to the plasma. Based on the bond energies, and Cl 

recombination values on different surfaces studied in the same apparatus, Cl 

recombination on Si-O sites was proposed. A similar study for Br recombination was not 

done but based on Br2 signal in HBr plasma, Br recombination on Si-O surface sites is 

also very likely to occur, as discussed in the next section. 
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Figure 3.4: Auger electron spectra for ICP-conditioned surfaces recorded during Si  

                    etching (dc-self bias = -120V) for HBr (bottom) and HBr/O2 (top three).  

                    Other conditions were the same as for Figure 3.2. 
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ii. Mass spectra of products desorbing from the spinning wall 

a. Without bias 

Figure 3.5 shows selected portions of the mass spectrum of line-of-sight species 

desorbing from and leaking around the spinning wall that was rotating at 16000 rpm 

while it was exposed to 2.5 mTorr HBr with the plasma on (400 W, top) and off (bottom). 

The mass spectrometer was operated at electron energy of 70 eV, emission current of 1.5 

mA, analog preamp gain of 10
7
 and electron multiplier voltage of 1400 V. With the 

plasma off, peaks were observed at mass-to-charge ratios (m/e) of 79, 80, 81, and 82, 

corresponding to Br
79

, HBr
79

, Br
81

 and HBr
81

, respectively. The intensity ratios of these 

peaks are close to the observed cracking pattern of 0.5:0.9:0.45:1 for HBr leaked into the 

mass spectrometer chamber, and agrees well with the reported NIST value[116] of 

0.4:1:0.38:1. 

The mass spectrum with the HBr plasma on contains a new triplet structure 

expected for the isotopic combinations for Br2 at m/e values of 158, 160 and 162 with 

intensities in the ratio of 1:2:1 respectively. It also contains the quartet structure of HBr, 

but with slightly more intense 79 and 81 Br peaks ascribed to dissociative ionization of 

Br2 in the mass spectrometer ionizer. No other line-of-sight peaks were observed in the 1 

– 200 m/e region (not shown). Finally, an H2 peak appears with the ICP on (not shown). 
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Figure 3.5: Mass spectra for a 2.5mTorr HBr gas (ICP off, bottom), and for a 400W HBr  

                    ICP (top, shifted up by 0.8 for clarity) in the absence of substrate bias. The  

                    spinning wall rotation frequency was 16000 rpm. 

 

The line-of-sight signals corresponding to delayed desorption of products from 

the spinning wall can be distinguished from those due to leaking of gas around the 

skimmer by varying the rotation frequency, and especially by stopping rotation, when the 

signal is only the leak component. As the rotation frequency is increased, the desorption 

signal rises, while the leak component changes very little (this was verified using Ar). 

Such time-dependent measurements are shown for Br2 in an HBr plasma in Figure 3.6 

(bottom). The mass spectrometer parameters were the same as for Figure 3.5. There was 

only a small increase in signal at high rpm, indicating little desorption from the surface. 

Instead, the signal is mainly that of the line-of-sight leak of Br2 that forms in the reactor 
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due to Br recombination. At the low pressure in this study, this reaction occurs mainly on 

the surface, indicating that Br formation on, and desorption from the chamber walls (and 

spinning wall) must occur on a time scale <1 ms (reciprocal of four times the rotation 

frequency). 
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Figure 3.6: Mass spectrometer signal for Br2 (m/e=160) recorded as a function of  

                    rotation frequency in an HBr ICP (bottom, black, open circles), and in a        

                    20% O2/HBr ICP (400W, top, red, solid triangles) without bias on the stage. 

 

Signals for HBr
79

 are shown in Figure 3.7 as a function of the spinning wall 

rotation frequency. The signals at zero rpm are the line-of-sight leak component. With the 

plasma off, there is a small jump in signals between zero rpm and the lowest rotation 

frequency available (600 rpm). This is due to the average spacing between the spinning 

wall and the skimmer being larger than the position at which it comes to rest. Between 
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600 and 18,000 rpm, there is at most a slight increase in signal when the plasma is off, 

indicating very little physisorption of HBr on the spinning wall, or “pumping” by the 

rotating surface. This is consistent with O2 and Ar, which also are not expected to stick to 

a smoother surface like this, or even rough anodized Al[51] and stainless steel 

surfaces[7]. Cl2 also does not stick on the surface used in the present study[111] although 

it does have a retention time of several ms on the stainless steel[9] and anodized Al[104] 

surfaces. It should be noted here that the wall rotation below 600 rpm is unstable. The 

data points below 600 are therefore for an average value over a time in which the rotation 

frequency was either increasing or decreasing. When rotation is stopped, the minimum 

voltage from the tachometer readout corresponds to a 200 rpm offset which was 

subtracted from the rpm values. 

With power to the HBr ICP on, the HBr signal at zero rpm is ~30% lower than 

with the plasma off. Since this line-of-sight leak component represents the composition 

of stable species in the plasma, the % dissociation of HBr due to electron impact is ~30%. 

The HBr signal increases abruptly between zero rpm and 600 rpm (see Figure 3.7), for 

reasons explained above. As the rotation frequency is further increased, the signals 

increases, suggesting that HBr is being formed by delayed (i.e. Langmuir Hinshelwood) 

combination of adsorbed H and Br on the spinning wall surface. The nearly equal HBr 

signals with the plasma on or off at high rotation frequencies is believed to be a 

coincidence, since the relative magnitude of these two signals is a function of the line-of-

sight geometry. 
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Figure 3.7: Mass spectrometer signal for HBr
79

 (m/e=80) in an HBr gas (ICP off, black,  

                    open circles), and for a HBr ICP (red, solid triangles) as a function of  

                    rotation frequency without substrate bias. 

 

Mass spectra were recorded with and without plasma with the addition of 20% O2 

to HBr (5 sccm total flow), at a constant pressure of 2.5mTorr and a spinning wall 

rotation frequency of 16000 rpm. The spectrum with the plasma power off (Figure 3.8, 

lower traces) is similar to what we observe with pure HBr, with the addition of O2 and a 

small amount of H2O, which is left over from the last HBr/O2 plasma exposure (see 

below). These signals (including H2O), are again due to the line of sight leak around the 

spinning wall and skimmer. With the ICP on (Figure 3.8, upper traces), a very large H2O 

peak appears, along with Br2, H2 and Br, a likely cracking product of Br2 in the mass 

spectrometer. Correspondingly, the HBr and O2 peaks decrease to noise levels.  
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Figure 3.8: Mass spectra of a 20% O2/HBr gas (ICP off, bottom) and ICP on (top, shifted  

                    up by 1 for clarity) without substrate bias. Mass spectrometer parameters  

                    were the same as for Figure 3.5. 

 

With the plasma off and no gas flowing, the chamber was pumped to the base 

pressure of 10
-6

 Torr. The mass spectrum at this stage with spinning wall rotating at 

16,000 rpm showed weak water peak corresponding to the water leftover from the 

previous run. This indicates that the last of the water desorbs very slowly from the 

chamber walls. Reactor was wrapped with heating tape, and the chamber was slowly 

heated. A rise in water signal was observed, correlating with the rise in the chamber wall 

temperature (24 
o
C to 65 

o
C in ~30 mins) as shown in Figure 3.9. 
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Figure 3.9: Mass spectrometer signal for water (m/e=18) recorded as a function of time  

                    while the chamber wall temperature was increased from 24 
o
C to 65 

o
C in   

                    ~30 minutes without any gas in the chamber. 

 

Further, we subjected the reactor walls to high energy ion bombardment by 

raising the plasma potential in an Ar plasma. Energetic Ar
+
 bombardment should sputter 

adsorbed water from the surface which could be measured as a signal rise by the mass 

spectrometer. For this, the reactor chamber was again pumped down with no gas flowing 

to achieve a 10
-6

 Torr base pressure and the mass spectrometer was set at m/e=18 to 

detect water desorbing off the spinning wall while its rotation frequency is 16,000 rpm. 

Ar gas was introduced and a pressure of 2.5 mTorr was established in the chamber 

without a plasma. 400 W ICP was then turned on. The signal rose initially to a high value 

within a few seconds but took ~18 mins to stabilize. At this point, Si covered stage was 
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connected to a DC source and +7 V and +40 V dc-bias were applied successively on the 

substrate. No increase in water signal was observed when bias was turned on in both 

cases as shown in Figure 3.10. The bias was then turned off, and no drop in the signal 

could be observed. This suggested that water is residing in the crevices of the rough 

anodized Al wall surface and the signal rise when the plasma was turned on could be due 

to heating of the chamber walls in the plasma. 
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Figure 3.10: Mass spectrometer signal for water (m/e=18) recorded as a function of time  

                      while the Si wafer stage was positively dc-biased upto +40 V. Other  

                      conditions were the same as for Figure 3.5. 

 

These results indicate that following initial electron impact dissociation of HBr 

and O2, the main products formed are H2O, Br2 and H2. There are no gas phase reactions 

fast enough to form these products from H, Br, and O atoms at these low pressures, hence 
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heterogeneous reactions on the reactor and spinning walls are the only possibility. 

Because the presence of oxygen favors formation of OH and H2O, H atoms are no longer 

available to reform HBr and hence the HBr levels are very low. Correspondingly, the Br2 

formation is enhanced. This is illustrated in Figure 3.6, where the introduction of 20% O2 

roughly doubles the Br2 line-of-sight leak at 0 rpm, and furthermore leads to a very large 

delayed desorption component at high rotation frequencies. The presence of additional O 

on the surface creates sites that are favorable for recombination of Br and/or 

physisorption of Br2, on a time scale longer than the rotation period, much as in observed 

with Cl2 desorption when O2 is added to a Cl2 plasma[111]. 

The dependence of the H2O signal on rotation frequency was also determined and 

is presented in Figure 3.11. With the plasma on, (top data) the signal increases rapidly 

with rotation frequency, implying (like with Br2) the formation and/or physisorption of 

H2O on the spinning wall surface. Despite the large water signals observed by mass 

spectrometry, no change in the O:Si ratio was found (<10%) by AES as the wall rotation 

frequency was varied between 17000 and 1000 rpm. AES spectra for different wall 

rotation frequencies is shown in Figure 3.12a, and the Si-to-O ratios for four different 

rotation frequencies are presented in Figure 3.12b. If the coverage of adsorbed H2O that 

desorbs 1.8 to 30 ms after exposure of the surface to the plasma (reciprocals of twice 

these rotation frequencies) contained more than ~20% of the total O coverage, then a 

drop in the O:Si ratio should have been observed as the rotation frequency was reduced 

from 17000 to 1000 rpm. Therefore the H2O coverage is sparse. With the ICP off, the 

much smaller signal is nearly independent of wall rotation frequency. 
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Figure 3.11: Mass spectrometer signal for desorbing water (m/e=18) recorded as a  

                      function of rotation frequency in a 20% O2/HBr gas mixture (bottom, open   

                      circles) and ICP on (top, solid triangles) without bias on the stage. 

 

The decay of H2O signal was measured over a much longer time by first exposing 

the reactor and spinning wall (at 16000 rpm) to the plasma for 5 min, during which time 

the water signal acquired a near steady state value. The plasma was then extinguished and 

the decay of signal was recorded as a function of time at the same rotation frequency 

(Figure 3.13).  
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Figure 3.12: a) Auger electron spectra and b) Si:O ratios recorded in a 20% O2/HBr ICP  

                      in the absence of Si etching for different rotation frequencies of 17000,     

                      11000, 6000 and 1000 rpm. Auger parameters were the same as for Fig. 3.2. 
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Figure 3.13: Mass spectrometer signal for water (m/e=18) recorded as a function of time  

                      in a 20% O2/HBr gas mixture. ICP was turned on at 3.4 min and off at 9.6  

                      min. Mass spectrometer parameters were the same as for Figure 3.5. 

 

The signal decays by a factor of 2 in about 10 s and then much more slowly for 

several minutes. The signal is still above background 10 min after the plasma was turned 

off. Hence, H2O formed in the plasma has a very long residence time on the reactor walls. 

The signal then arises from water that mainly desorbs from the walls, adsorbs at another 

location on the walls and then finally adsorbs on the spinning wall and desorbs as the 

surface faces the mass spectrometer. The fast (~ms) initial decay observed by varying the 

rotation frequency, taken with the very long decay indicates a very large variation in the 

strength of binding sites for water. A long term drift in water coverage on the chamber 

walls as an etching process cycles through several steps with differing gas composition, 
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power, materials being etched, etc., would likely cause a corresponding drift in plasma 

composition and process metrics. 

The mass spectra presented in Figure 3.14a and b were also recorded for HBr/O2 

plasmas as a function of O2 addition (0-100%). The spinning wall was continuously 

rotated at 16000 rpm, with a constant total pressure of 2.5mTorr and power of 400W. As 

oxygen is added, HBr and H2 decrease, and Br2 and H2O increases until reaching 20% O2. 

Above 20% O2, there is no further increase in H2O, and in fact the signal decreased when 

O2 was increased beyond 40%. The signal at 20% O2 fraction corresponds to reaching the 

stoichiometric composition for the reaction 

4HBr + O2  2H2O + 2Br2.       (1) 

Above 20% added O2, oxygen is no longer consumed and O2 can reform through 

O recombination on all surfaces exposed to the plasma, hence O2 becomes prominent in 

the mass spectrum, from the line-of-sight leak and perhaps from delayed recombination 

on the spinning wall. 

b. With bias 

Mass spectra for HBr plasmas with and without bias power to the Si covered stage 

are shown in Figure 3.15. Without bias, little etching occurs and only HBr and Br2 are 

detected. With bias and fast Si etching, a variety of Si-bromide products are formed, HBr 

is suppressed by about 27%, and Br2 is not formed. SiBr and SiBr3 are the most intense 

features; SiBr2 and SiBr4 peaks are much weaker.  
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Figure 3.14: Mass spectra of an HBr/O2 ICP without substrate bias for different oxygen  

                      fractions (mass spectra shifted for clarity) with (a) showing 0-50% O2  

                      fractions; and (b) showing 60-100% O2 fractions. 
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These results are analogous to those found in similar studies of chlorine plasma 

etching of Si[97], where SiCl and SiCl3 were the main peaks in the mass spectrum of 

desorbing products as shown in Figure 3.16 a and b. The trace (black) at the bottom is 

during a Cl2 plasma with no Si substrate bias and trace (red) above is during -108 Vdc 

bias on the Si wafer.  It was concluded that SiCl3 was a primary product, while the SiCl 

signal was coming partly from desorption of SiCl, but mostly from higher mass products 

that dissociatively ionize in the mass spectrometer. Ascribing the SiCl3 signal and part of 

the SiCl signal to the parent ions of these species was based on appearance potential 

measurements, comparisons of the cracking pattern of the desorbing species with known 

or measured cracking patterns for SiCl4, SiCl3, and SiCl2, and the time dependences after 

the substrate bias was extinguished. The appearance potential measurements were done 

for m/e = 133 and 63 amu (SiCl3 and SiCl respectively) for a Cl2 400W ICP and -108 

Vdc continuous bias on the Si-covered stage. The mass spectrometer was fixed at a mass 

and the electron energy was varied from 10 to 70 eV. Figure 3.17 displays these 

measurement for both SiCl3 and SiCl and normalized at near threshold energies with the 

electron-impact dissociation cross-sections reported by Becker and coworkers for 

SiCl3[117] and for SiCl[118]. While SiCl3 seemed to be the parent molecule desorbing 

from the spinning wall, SiCl on the other hand seemed to have part of the contributions 

from molecule(s) with higher mass(es). It was argued that the unpaired electrons on SiCl 

and SiCl3 causes them to have a high sticking coefficient and therefore long enough 

residence time on the spinning wall, to desorb when the surface is facing the mass 

spectrometer (i.e. >2 ms), while the lack of unpaired electrons causes SiCl2 and SiCl4 to 

have low sticking coefficients and short surface residence times. 
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Figure 3.15: Mass spectra of a HBr plasma with (top, shifted up by 1.5 for clarity) and  

                      without (bottom) Si etching at a rotation frequency of 16000 rpm. Other  

                      mass spectrometer parameters were the same as for Figure 3.5. 

 

No detailed analysis was carried out in the present case, thus some or all of the 

SiBr and SiBr3 signals could be daughter fragments of SiBr2 and SiBr4 leak. Si2Br4, 

Si2Br5, Si2OBr5 and weak Si2OBrx (x=1, 3) were also identified, indicating a rich 

chemistry for HBr plasma etching of silicon, much like that found for chlorine 

plasmas[97] (Figure 3.16). It should be noted that the amount of Si2OBrx varies 

substantially over time, specifically after opening the chamber, Si2OBr and Si2OBr3 

peaks are stronger (comparable in intensity to Si2OBr5). Little or no SiBrxHy species are 

observed, indicating that elimination of H from the plasma to form HBr is favored over 
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these etching products. It does not rule out the possibility that SiBrxHy species could be 

primary etching products. 
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Figure 3.16: Mass spectra of a 2.5 mTorr 400W Cl2 plasma with (-108 Vdc substrate  

                      bias, red, top) and without (no substrate bias, black, bottom) Si etching for a  

                      mass range of (a) 60-175 amu, and (b) 175-400 amu[97]. 
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Figure 3.17: Mass spectrometric appearance potential measurement for (a) m/e=133  

                      (SiCl3
+
) and (b) m/e=63 (SiCl

+
) at electron energies of 10-70 eV[97]. Also  

                      shown are the measurement by Becker et al. of SiCl3[117] and SiCl[118]. 
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The dependences of SiBrx (x=1-3), Si2Bry (y=4, 5) and Si2OBr5 signal intensities 

on the spinning wall rotation frequency (0 to 20000 rpm) in a 2.5 mTorr HBr plasma with bias 

on Si wafer as shown in Figures 3.18 a and b. The mass spectrometer was operated at the same 

emission current and electron energy, but the multiplier voltage was set at 2000 V and the analog 

preamp gain was 10
6. SiBrx (x=1, 3) and Si2Br4 have strong dependences on rotation 

frequency whereas SiBr2, Si2Br5 and Si2OBr5 exhibit weaker dependences. SiBr4 (not 

shown) has a negligible dependence on rotation frequency. These dependences suggest 

delayed desorption of the reaction products from the spinning wall and/or formation due 

to reaction on the spinning wall. 

When 6% O2 was added to the HBr ICP with bias, the etching products were the 

same but a little less intense. If 20% O2 is added to the HBr plasma, then a spectrum like 

that in Figure 3.8 is obtained without or with Si substrate bias, with no detectable etching 

products up to m/e = 500 amu. 

3.2.3 HBr/Cl2/O2 plasmas with and without bias 

i. Reactor wall surface composition 

a. Without bias 

Cl2 was added to an equal flow of HBr at a total flow rate of 5 sccm. The pressure 

in the chamber was maintained at 2.5mTorr (without plasma) and a 400W ICP was 

ignited. The chamber and the spinning wall were conditioned for about 30 min before 

measuring the surface composition. As shown in Figure 3.2, the surface incorporated 

2.9% Cl, and still no detectable Br. Addition of 6%, 20% and 40% O2 to the feed gas 

decreases the Cl-coverage to 1.8%, 1.2% and 0.9%, respectively. 
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Figure 3.18: Mass spectrometer signal for SiBrx (x=1-3), Si2Br4, Si2Br5 and Si2OBr5  

                      recorded as a function of rotation frequency. 
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b. With bias 

A similar approach was taken for HBr/Cl2/O2 ICPs. Si was etched with -120 Vdc 

self-bias, and after 15 min the surface was characterized with AES. With no added O2, 

the surface composition was Si:O:Cl:Br = 31:11:26:32, derived from the spectrum in 

Figure 3.19. Cl has replaced roughly half of the Br observed with Si etching in an HBr 

ICP. Addition of 6% O2 to the gas mix has no effect on the layer composition. With 20% 

O2 in the feed gas, a Cl-rich surface layers formed and Br decreased to an undetectable 

level. With 40% O2, an O-rich layer formed with just a trace of Cl. 
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Figure 3.19: Auger electron spectra recorded during Si etching for HBr/Cl2 (bottom) and  

                      HBr/Cl2/O2 (top three) ICP-conditioned surfaces. Other conditions were the  

                      same as for Figure 3.2. 
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ii. Mass spectra of products desorbing from the spinning wall 

a. Without bias 

Mass spectra of HBr/Cl2 (1:1) gas mixture without plasma and with plasma are 

shown in Figure 3.20. The total flow was 5 sccm and the pressure in the reactor chamber 

with the plasma off was 2.5 mTorr. Interestingly it was observed that when HBr and Cl2 

flow was introduced into the chamber without the plasma being ignited, strong HCl and 

Br2 peaks were observed, while the HBr peaks were relatively weak. This indicates that 

the overall reactions 2HBr + Cl2  2HCl + Br2 and  HBr + Cl2  HCl + BrCl are being 

catalyzed on the surfaces of the reactor and possibly the gas lines (see below). 

Thermodynamic computations predict that an initial Cl2:HBr ratio of 1:1 will yield 

HCl:BrCl:Cl2:Br2:HBr = 1.0:0.55:0.22:0.22:0 at equilibrium, nearly independent of 

temperature between 0 and 1000
o
C. The results in Figure 3.20 with no plasma are similar 

to equilibrium predictions except that there is some remaining HBr, and little or no BrCl. 

When the plasma was turned on, HCl increased in intensity, Cl2 decreased, and peaks 

corresponding to BrCl emerged. This indicates that the plasma further “catalyzes” 

reaction between HBr and Cl2 to move HCl and BrCl fractions closer to their equilibrium 

values. 

In the absence of plasma, the reactions between HBr and Cl2 could occur on the 

surfaces of the reactor (including the tube leading from the gas-mixing manifold to the 

reactor) or could simply be taking place in the mass spectrometer ionizer. To rule out the 

latter, two experiments were performed. First, the residence time of the gas mixture was 

varied to determine if reactions are occurring before the species reach the ionizer. The 
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residual gas mass spectrum obtained with 34 sccm of HBr/Cl2 (1:1) and a pressure of 

8.85 mTorr is shown in Figure 3.21a. The main species were HCl, Br2 and Cl2.  
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Figure 3.20: Mass spectra of a HBr/Cl2 (1:1) gas mixture with (top) and without (bottom,  

                      shifted down for clarity) plasma. Mass spectrometer parameters were the  

                      same as for Figure 3.18. 

 

When the flow was reduced to 3 sccm for the same pressure to achieve a ten-fold 

increase in the residence time of gases in the reactor chamber, HCl and Cl2 dropped and a 

BrCl peak was observed (see Fig. 3.21a). This suggested that reactions occur before the 

gas mixture reaches the ionizer. Second, the ionizer emission current was reduced from 

1.5 mA to 0.5 mA. All observable peaks dropped three-fold, again indicating that the 

reactions are not occurring in the ionizer. 
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Figure 3.21: a) Mass spectra of a HBr/Cl2 (1:1) gas mixture at 3 sccm (top) and 34 sccm  

                      (bottom) total flows with SiOx chamber walls, b) Mass spectrum of the  

                      same gas mixture at 3 sccm total flow with SiClx chamber walls. 
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It is possible that reactions between Cl2 and HBr occur primarily in the stainless 

steel gas line leading to the plasma chamber and not on the chamber walls. The 

experiments described above were done with SiOx-coated chamber walls. Subsequently, 

the chamber walls were coated with a SiClx layer (with little O) by etching Si in a Cl2 

plasma for 30 mins. The mass spectrum for 3 sccm, 8.85 mTorr of HBr/Cl2 (no plasma) 

with SiClx-covered chamber walls is shown in Figure 3.21b. The BrCl peak which was 

present with SiOx-covered walls is no longer observed. If the reactions are occurring 

predominantly in the gas line, the reaction products should be the same. This indicates 

that reactions occur on the chamber walls, and depend on the wall conditions. 

b. With bias 

The mass spectrum of an HBr/Cl2 ICP with bias is shown in Figure 3.22. With fast Si 

etching, a variety of SiClx, SiBry and SiClxBry peaks were identified. The most intense 

peaks were of HCl, SiCl, SiCl3, SiBr, SiBrCl2, SiClBr2, and HBr, and less intense peaks 

were observed for SiCl2, Br2, SiBrCl and Cl2. In addition, there were a number of peaks 

for Si2ClxBry and perhaps higher Si mass species (Si3-containing and above), with 

different Cl and Br content at masses of up to at least 500 amu. It should be noted that all 

Si-halide products, including those with m/e values up to 500 (see inset in Fig. 3.22) 

exhibit much more intense odd mass components, compared to even masses. This 

indicates little if any H in any Si product, and a propensity for x+y = odd, perhaps due to 

unpaired electrons and higher sticking coefficients. Addition of 6% O2 doesn’t affect the 

etching product distribution, while addition of 40% O2 stops Si etching. 
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Figure 3.22: Mass spectrum of a 2.5 mTorr, 400 W HBr/Cl2 (1:1) ICP with substrate bias  

                      at a spinning wall rotation frequency of 16000 rpm. Mass spectrometer  

                      parameters were the same as for Figure 3.18. 

 

3.2.4 Reactions forming H2O and Br2 

Water formation can be explained by the reactions shown in Figure 3.23. O 

adsorption on sparse Si-O● sites to create SiO-O● sites has been suggested in earlier 

publication[56]. Here Si represents Si with bonds to O as well as Si. SiO-O● reacts 

with H to form SiO–OH. Alternatively OH can react with Si-O● to form SiO–OH. 

When another physisorbed H diffuses to an –OH site it could either break the O–H bond 

to form H2 or it could insert into the O–OH bond to form water. We didn’t detect a 

change in H2 signal with rotation frequency, indicating no formation of H2 on the surface. 
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Breaking the SiO–OH (~2-3eV[56]) bond to form H–OH (5.1eV[109]) is more 

thermodynamically favorable as compared to H2 (4.5eV[109]). The water-generating 

reaction is expected to occur on all reactor surfaces, hence we cannot rule out the 

possibility that water physisorption, and not H + OH association, on the spinning wall 

surface, followed by desorption is mainly responsible for the detected signal. 

Recombination of Br on SiO– sites, similar to Cl recombination on SiO– 

sites[111], would occur via the reaction  SiO–Br + Br  SiO– + Br2(g). This reaction 

would have a heat of formation of +0.17 or -0.71 eV, if the bond energy of SiO–Br were 

equal to that of HO–Br (2.17 eV) or BrO–Br (1.29 eV)[115].  
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Figure 3.23: Reaction mechanism for the formation of water on the surface. 
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Chapter 4 

 

Effect of titanium contamination on oxygen atom 

recombination probability on plasma-conditioned surfaces 

4.1 Introduction 

Titanium nitride (TiN) is used extensively in silicon integrated circuits for gate 

stacks, adhesion layers and diffusion barriers. In dual damascene patterning for 

interconnect fabrication, TiN hard masks have replaced SiO2 masks for etching of 

trenches and vias in porous low-k dielectric films[119, 120, 121, 122, 123]. The 

importance of Ti contamination in dielectric etching in fluorocarbon plasmas has also 

been pointed out[122]. The deposition of Ti-containing products, along with Si-

containing products, on the reactor walls during etching, followed by ashing of 

photoresist in oxygen-containing plasmas, forms SiOx/TiOx mixed coatings on the walls
5
. 

Ti behaves similarly to Si in coating the reactor walls, needing O to deposit. Cl and Br do 

not react with TiOx to form volatile products and remove the wall deposits.  An effective 

way to maintain stable plasma conditions and also achieve long times between chamber 

wet cleans is to clean reactors with an SF6/O2 plasma after each wafer is etched. While 

SiOx residues are easier to remove, TiOx residues are very difficult to etch away in SF6 

plasmas. Any TiOx left even after the cleaning process may lead to drifts in etching rates, 

etched profiles, selectivity, uniformity, etc. 



88 
 

Also, in memory applications, metal-insulator-metal (MIM) capacitors must be 

fabricated at increasingly smaller dimensions by plasma etching. The MIM capacitor 

typically contains TiN thin films as the metal electrodes that sandwich an insulating 

layer. Cl-based plasmas are used to etch TiN and O2 is added sometimes for side wall 

passivation[124]. In this process, the Ti is sputter-deposited on the reactor walls and 

oxidized.  

Here we report a study of the effect of Ti contamination on the heterogeneous 

recombination of O atoms in an oxygen plasma, using the spinning wall technique. [125, 

126, 127, 128] Specifically, we have studied the impact of Ti contamination of 

amorphous silicon oxide reactor walls on the recombination probability of O atoms in an 

O2 plasma. Part of the motivation comes from our earlier investigations of the effect of 

Cu contamination on the recombination probability of O atoms[127], where it was found  

that even a small dose of Cu ~1.4x10
13

 cm
-2

 (~0.002 monolayers) increases the O 

recombination probability by ~60%. Thereafter the recombination coefficient remained 

constant upon further doses of Cu. This enhancement in recombination was attributed to 

the redox catalytic cycle between Cu
+
 and Cu

2+
. 

A similar procedure was followed here for SiOx deposition and conditioning in an 

O2 plasma to form a SiOx layer, onto which is then deposit a small amount of Ti. While 

with Cu-dosed surfaces it was not possible to recover to a Cu-free surface, we were able 

to recover the Ti dosed surface by etching in a Cl2 plasma, followed by oxidation in an 

oxygen plasma. Unlike Cu, Ti contamination was found to decrease the O recombination 

probability on SiOx surfaces. 
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4.2 Experimental setup 

Schematic top view of the experimental setup is shown in Figs. 4.1. A detailed 

discussion on the apparatus can be found in Chapter 2 as well as in earlier 

publications[125, 126]. In brief, an O2 ICP is ignited in the quartz discharge tube and 

diffuses downstream to the reactor chamber where a Si-wafer-covered electrode is 

present. The electrode can either be RF-powered for enhanced etching or left electrically 

floated for little or no etching. Silicon oxide products are generated by sputtering of the 

Si wafer and the quartz tube in the O2 plasma, due to the large RF plasma potential. 

These products deposit on the chamber walls, including the spinning wall. 

The spinning wall is (Ni-electroplated anodized aluminum cylindrical substrate) 

housed in the wall chamber. It is rotated so that points on the surface are repeatedly 

exposed to the plasma chamber, a Ti evaporation source as shown in Figure 2.5, and the 

diagnostics chamber that contained an Auger electron spectrometer in this study. Low 

pressures necessary for Auger electron spectroscopy (AES) are obtained by differential 

pumping in the wall chamber and Auger chamber, and by two conical skimmers that 

separate the reactor chamber, wall chamber and Auger chamber. Species from the plasma 

adsorb on the spinning wall surface, react and desorb milliseconds later in the Auger 

chamber. The spinning wall mimics the behavior of reactor walls and helps us study the 

surface composition and reaction mechanisms on the reactor walls. 
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 Figure 4.1: Top view of the experimental setup. Ti evaporator is also shown in the upper  

                                inset. 

 

The spinning wall surface was rotated at a frequency of 16000 rpm and a SiOx 

layer was formed by sputtering Si onto it in an Ar plasma and then oxidizing it in a 

400W, 1.5mTorr O2 plasma. The surface composition was measured by AES. The 

pressure rise in the Auger chamber was recorded to determine the O2 desorption flux, 

assuming O2 was the only species desorbing from the spinning wall as it rotates. This O2 

flux was used to calculate recombination coefficients for O atoms (γo). This prepared 

surface was exposed several times to the Ti evaporation. Surface analysis and pressure 
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rise measurement in the Auger chamber were done each time to obtain the surface 

composition and γo, respectively. 

4.2.1 Titanium evaporator 

The custom made, compact evaporation source for depositing Ti on the spinning 

wall consisted of 1 mm thick Ti wire (99.99% pure, Sigma Aldrich) repeatedly wrapped  

around two thick copper rods spaced 4 cms apart (Figure 2.5). The Ti wire was resistively 

heated to 740 
0
C by passing DC current directly through the Ti wire. The evaporator was 

installed in a chamber next to the wall chamber and Ti was deposited line-of-sight on the 

spinning wall, which was continuously rotated at 16,000 rpm during deposition (Figure 

4.1). Ti could also be removed from the spinning wall (and the initial γo recovered) by 

etching in a Cl2 plasma.  

4.2.2 Recombination coefficient determination 

The determination of recombination coefficient is given in detail in section 2.2. In 

short, every point on the spinning wall during rotation is repeatedly exposed to the 

plasma and diagnostic chambers. Some of the oxygen atoms that adsorb on the surface 

during plasma exposure recombine and desorb in the diagnostic chamber. The time 

between O adsorption in the plasma chamber and O2 desorption in the Auger chamber is 

controlled by the rotation frequency, f, of the spinning wall. With this method, we are 

able to isolate this delayed, Langmuir-Hinshelwood recombination (LH) from any direct 

Eley-Rideal (ER) recombination, which this method does not detect.  

Desorption of recombined species causes a pressure rise, ΔP
rec

, in the diagnostic 

chamber (Auger chamber in this case). This pressure rise is converted into desorption 
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flux by using previous calibrations, given in other publications[125, 127, 128]. Next, the 

desorption flux is plotted as a function of reaction time, tr = 1/2f, defined as the time 

between the plasma exposure and desorption in the Auger chamber. A double-

exponential decay function of the form 
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and the expression for impingement flux is given by 

4/OOO vn ,          (2)
 

where no is the O number density (3.35x10
12

 cm
-3

 in a previous study[127] done on the 

same setup under the same conditions), and vo  is the thermal speed of oxygen atoms at 

300 K (6.3 x 10
4
 cm/s), consequently, O  = 5.3x10

16
 cm

-2
s

-1
. The factor of 6 in the 

numerator of eqn. (1) is because of the stoichiometric ratio (two O atoms in O2), divided 

by 1/3, the fraction of time that the spinning wall surface is exposed to the plasma during 

rotation. 

4.3 Results and Discussions 

4.3.1 Surface preparation, Conditioning and O recombination on Ti-

free surfaces 
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The Si wafer was sputtered (-150Vdc) in an Ar plasma (5mTorr, 400W) for ~60 

mins to deposit an amorphous Si layer on the spinning wall rotating at a frequency of 

16,000 rpm. This surface was oxidized and conditioned in a 1.5mTorr, 400W O2 plasma 

for ~60 mins. The ‘Si sputtering – O2 plasma conditioning’ cycle was repeated several 

times to deposit a layer of SiOx on the spinning wall surface. The surface composition 

was measured in-situ by AES, using an electron beam energy of 5 keV and emission 

current of 0.2 µA. Sample spectra are given in Figure 4.2. The surface was exposed to the 

1.5 mTorr, 200 W O2 plasma during the scan for surface negative charge neutralization. 

Si and O peaks were observed at 1621 eV and 510 eV, respectively. Peak-to-peak 

intensities were measured from the processed Auger spectra, normalized with their 

sensitivity factors, and converted into atomic percent, as described in other 

publications[25, 126, 127, 129]. The Si:O ratio for the Si surface condition in an oxygen 

plasma before Ti evaporation was 41:59 (i.e., SiOx=1.4).  

Pressure rise measurements were done with this surface in a 1.5 mTorr, 400 W O2 

plasma. Measurements as a function of rotation frequency are shown in Figure 4.3, 

labeled “No Ti”. The pressure rise data were converted to calibrated desorption fluxes,

rec

fD , and plotted vs. reaction time (Figure 4.4). rec

fD 
 was obtained from the 

extrapolation to 0rt , yielding an O-atom recombination coefficient of γo = 0.034.  

4.3.2 Surface preparation, Conditioning and O recombination on Ti-

coated surfaces 

After a clean layer of SiOx (x1.4) was prepared, the Ti evaporation source was 

turned on and Ti was deposited on the surface while the spinning wall was rotated at a 
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frequency of 16,000 rpm. The surface composition was monitored with AES while a 1.5 

mTorr, 200W O2 plasma was operated to oxidize the Ti and neutralize the surface charge. 

With 5 min of deposition, a peak corresponding to Ti 390 eV was observed. The Ti 

source was then turned off and the surface was conditioned with a 1.5 mTorr, 400 W O2 

plasma for ~30 mins. After conditioning, elemental analysis from AES (spectrum in 

Figure 4.2) revealed an atomic concentration of Si:O:Ti to be 46:53:1 on the spinning 

wall surface. Pressure rise measurements were taken under similar condition as with the 

“No Ti” surface. It was found that the pressure rise on this “1% Ti” surface (Figure 4.3, 

and the corresponding desorption flux in Figure 4.4) was slightly smaller than with “No 

Ti” and a value of γo = 0.031 was obtained. 
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Figure 4.2: In situ Auger spectra (offset for clarity) for the 3 cases: No Ti on surface  

                    (black), 1% Ti on surface (red), and 17% Ti on surface (blue). There was no   

                    bias on Si wafer during the measurements. 
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Figure 4.3: Pressure rise in the Auger chamber as a function of wall rotation frequency  

                    during 3 conditions: No Ti on the spinning wall surface, 1% Ti on spinning  

                    wall surface, 17% Ti on spinning wall surface. 

 

Ti was deposited for an additional 15 min, then further conditioned with a 

1.5mTorr, 400W O2 plasma for ~30 mins. From the AES spectrum (Figure 4.2), an 

atomic concentration of Si:O:Ti = 23:60:17 was obtained. Since Auger averages over 

about 3 nm, this amount of Ti would correspond to a couple of monolayers areal density. 

The pressure rises recorded for this “17% Ti” surface (Figure 4.3, and the desorption flux 

in Figure 4.4) were still lower, yielding γo = as 0.022. Hence this amount of Ti lowers the 

recombination on SiOx surfaces by 35%. This will in turn increase the O number density 

by up to 35%, depending on plasma density and other conditions. Thus any process 

following etching of TiN and deposition of Ti residue that involves reactions with O 

atoms would suffer a loss of control of etching rate and critical dimension (CD) control.  



96 
 

0.00 0.04 0.08 0.12 0.16 0.20 0.24
0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

 

 

D
re

c
 (

x
1

0
1

4
 c

m
-2

s
-1

)

Reaction Time (tr)

 No Ti

 1% Ti

 17% Ti

Desorption flux at t
r

0

 

Figure 4.4: Plot of desorption flux, Df
rec

 derived from the data in Fig.4, of O2 after the  

                    recombination of O atoms on spinning wall surface as a function of reaction  

                    time, tr  = 1/2f. 

 

Interestingly, Dictus, et al.[130] found that after etching of TiN to coat chamber 

walls with Ti, and then exposing the surface to an O2/5% Ar plasma, the optical emission 

from O atoms, normalized to Ar emission, decreased by 30% relative to that found when 

the reactor walls were coated with SiO2, suggesting an increase in O recombination.  

Their conditions (500 W ICP in a large chamber for 300 mm wafers) would result in a 

low percent dissociation of O2 (<1% based on extrapolations from a previous 

study[131]). Under these conditions, O emission arises substantially (perhaps mostly) 

from dissociative excitation of O2.[131] Therefore, it is possible that the lower O 

emission is not a good indicator of reduced O concentration in their plasma. 
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4.3.3 Mechanism of Ti-catalyzed O atom recombination 

The measurements presented above indicate that the presence of Ti on an oxidized 

Si surface reduces the recombination coefficient of O atoms. The decrease in O was 

observed to saturate beyond ~10 min of Ti deposition, corresponding to a Ti coverage of 

1 or 2 monolayers. This behavior is contrary to the case of Cu, in which a trace amount 

(~0.002 monolayers) increased O (by ~60%).
9
 Higher Cu coverages caused no further 

change in O.  

A mechanism that is consistent with recombination of O on metal-free, Cu and Ti-

contaminated surfaces is presented in Figure 4.5. On metal-free surfaces, O binds 

relatively weakly (maybe reversibly) at sparse Si-O● sites (Figure 4.5A, I) to form Si-

O-O●, where the “dot” indicates a dangling bond and  signifies that Si is bound to 3 

other atoms (mostly O). O impinges from the gas phase, sticks and diffuses on the 

surface, perhaps residing mostly at these Si-O● sites before encountering a Si-O-O● 

site, where recombination can occur (Figure 4.5A, II). The bond energies of O-O and 

O=O are 2.1eV (taken as that of H2O2 dissociation into 2 OH) and 4.98eV 

respectively[132]. It is not likely that O reacts with Si-O● to form O2 and leave behind a 

Si dangling bond as this reaction  would be endothermic due to the strong Si-O bond 

energy (8 eV[133]). 
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Figure 4.5: Proposed mechanisms for recombination of O on (A) metal-free oxidized Si  

                    surfaces, (B) Cu-contaminated surfaces, and (C) Ti-contaminated surfaces. 
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Cu, studied previously[127], does not react with O that is bridging 2 Si atoms, but 

only binds at Si-O● sites (Figure 4.5B, I) where it then readily captures an impinging 

and/or diffusing O atom (Figure 4.5B, II). These sites recombine O atoms (Figure 4.5B, 

III) with a ~60% higher probability than Si-O-O● sites. As discussed previously[127], 

this process is catalytic, with Cu cycling back and forth between the +1 and +2 oxidation 

states. The density of Si-O-O● sites is very small, hence the enhancement in O 

recombination by Cu will saturate at a very small fraction of a monolayer, when Cu has 

tied up all these sites.  

Ti, on the other hand behaves very differently. The most stable oxidation state of 

Ti is +4; lower oxidation states are readily oxidized to Ti +4 by oxygen.
17

 Therefore 

unlike Cu, the catalytic recombination of O and cycling between two stable oxidations 

states does not occur. Ti will react with SiO2 to form TiO at room temperature in the 

absence of any additional O (e.g. in ultrahigh vacuum)[134, 135].  Hence, unlike Cu, Ti 

will break the bond of an O bridging 2 Si atoms[135]. In the presence of O atoms in the 

plasma, it is reasonable to expect that O will insert to form Ti-O-Si linkages. It is also 

likely this process can happen twice (as depicted in Figure 4.5C, I), or even three times. 

(The geometry would of course be less constrained than shown, with the Si atoms not in a 

plane, and O more symmetrically distributed around the Ti atom.) These sites would be at 

a higher density than the Si-O-O● sites. Since O recombination decreases not increases 

with increasing Ti coverage, the majority of Ti-containing sites are not very active in 

recombining O. 

Occasionally Ti will bind at or near a Si-O● site, where in the presence of O 

atoms in the plasma, the configuration in Figure 4.5C, II could form. O would rapidly 
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attach to the TiO● group (Figure 4.5C, III), forming a site that will recombine O (Figure 

4.5C, IV) much like the Si-O-O● site on a metal-free surface, depicted in Figure 4.5A. 

As with Si-O , the Ti-O bond energy (6.57eV[132]) exceeds the O2 bond strength, and so 

it is not thermodynamically favorable for O to recombine by abstracting O from a TiO● 

site. If all the Si-O● sites are consumed in the reaction in Figure 4.5C, II, then these 

titania sites are ~35% less efficient in their ability to recombine O. 
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Chapter 5  

 

Preliminary studies of reactions on “coupon” surfaces, using 

line-of-sight mass spectrometry 

5.1 Introduction 

The spinning wall method was designed to investigate delayed (i.e. Langmuir-

Hinshelwood, LH) reactions of plasma species with the layers formed on the reactor 

walls. With this system,  anodized aluminum[25, 51, 54, 98, 99], stainless steel[7, 9], and 

Ni-electroplated anodized aluminum[56, 102, 103] surfaces have been studied. This 

method does not detect prompt (i.e., Eley-Rideal, ER) reactions, however, because the 

desorption products are not detected until the surface leaves the plasma. (Note that the 

extrapolation to infinite rotation frequency, described in section 2.2 to obtain LH 

recombination coefficients, does not reflect any ER component.) A pictorial 

representation of the two surface reaction mechanisms, LH and ER, is shown in Figure 

5.1.  

In the LH mechanism, reaction occurs between adsorbed atoms. Although such 

reactions can occur in very short times after reactants adsorb, the upper rotation 

frequency of the spinning wall limits the detected reaction time to >~0.8 ms, 

corresponding to  a half rotation after leaving the plasma. Any reaction that occurs over 

times much shorter than ~0.8ms is undetectable. Examples of LH reaction that have been 

found to occur include Cl or O recombination on reactor walls[7, 8, 9, 56, 103]. In ER 

reactions,  an adsorbed species is promptly abstracted by a gas phase species impinging 
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on the adsorbate , as has been reported to occur when, e.g.,  H(D) atoms impinge on a 

surface with chemisorbed H(D) atoms on a Cu(111) surface at 100 K[136].  

 

 

 
 

Figure 5.1: Pictorial representation of a) LH (top) and b) ER (bottom) reaction  

                    mechanisms. 

 

To determine whether this class of reactions occurs on surfaces immersed in 

plasmas, we are developing a new method for evaluations of the interaction of plasma 

neutral and charged species with selected chamber wall coatings. The method will allow 

measurement of the fluxes of reactive radical and stable plasma species to chamber walls 

and the fluxes of species leaving the surface, as a function of coating, time, wall 

temperature, and plasma conditions. The method will have many of the capabilities of the 

“spinning wall” method developed in our laboratory, but with the following, added 

advantages: 1) flat “coupon” samples can be used; 2) both prompt and delayed reactions 

can be sensed; 3) several samples can be evaluated within minutes; 4) both incident and 
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desorbing species fluxes can be measured with the same quadrupole mass spectrometer; 

and 5) the substrate temperature can be controlled. 

5.2 Experimental setup 

The apparatus for these studies is mostly in place. The reactor chamber, spinning 

wall chamber, intermediate chamber and mass spectrometer chamber (at π position, and 

no Auger Electron Spectrometer) were the same as described in Chapter 2. The spinning 

wall was removed and two snouts with 0.7 mm and 3.5 mm diam.  apertures were 

installed in the reactor chamber and wall chamber, respectively. The apertures of the 

cones, the aperture between the intermediate chamber and the mass spectrometer 

chamber, the tuning fork chopper were aligned so that the coupon surface was line-of-

sight with the entrance to the mass spectrometer. The space between the cones was 

differentially pumped by the wall chamber turbomolecular pump. 

A sample holder was designed to place different samples, made of either reactor 

wall materials e.g., Ni-plated anodized Al, Stainless steel, anodized aluminum, or 

Si/SiO2, in the plasma as shown in Figure 5.2. The sample holder was made of aluminum 

and hard coat anodized. There were four 0.5 mm deep square slots (12 mm x 12 mm) to 

hold samples such that a planar surface is obtained after the samples are bonded to the 

sample holder. Four such slots were separated by holes of 8 mm diameter. The sample 

holder has a cylindrical hollow region at its end to press-fit on a ceramic break. The 

ceramic break has a ¼” hole at its center for passing the wire to connect the power source 

with the sample holder. The other end of ceramic break was welded to a long tube to 

move the samples. The sample holder assembly was in vacuum inside a welded bellow 

which was used for movement of samples.  
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Top View

Side View

 Figure 5.2: Top View and Side View of the sample holder. Four samples (10 mm x 10  

                    mm) of 500 µm thickness can be placed and separated by holes. 

 

 

The reactor chamber snout would face the samples at a distance of ~ 5 mm which 

is less than the mean free path of species at low pressures (e.g., 1-5 mTorr, mean free 

path ~ 10 cm at 1 mTorr and 600 K, or 20 times the distance between the aperture and the 

sample). The side view of the experimental setup is shown in Figure 5.3. Reaction 

products emerging from the surface passes through the reactor chamber snout’s aperture 

with small probability of collisions with the gas in the reactor chamber. With the 

differential pumping, the line-of-sight products will reach the mass spectrometer with no 

further collisions. When the sample holder is moved laterally, the inner cone faces the 

hollow regions at some positions to measure the flux of species that impinge on the 
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surface. The samples can be rf- or dc-biased for studying the effect of ion bombardment. 

Further studies will be done with temperature control of samples to investigate 

temperature dependences of surface reactions. 

 
 

Figure 5.3: Side view of the experimental setup. 

 

5.3 First results 

Early studies on the modified setup were done to check aperture alignment and 

verifying some of the results observed in previous experiments. With proper alignment, 

the line-of-sight component should be much greater than the background component for 

good differential pumping. For this, 5 sccm of Ar gas was fed to the reactor at 2.5 mTorr 

without plasma and the modulated signal was observed in the oscilloscope. The 80% 

modulation as shown in the Figure 5.4 suggests that the alignment of cones with mass 

spectrometer and in-between apertures is good. When the sample was moved in Ar gas 
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without a plasma, such that a surface was adjacent to the aperture in the snout, the Ar 

signal (m/e = 40) didn’t change.  
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Figure 5.4: Modulation of gas leaking line-of-sight from the hole in reactor chamber  

                    snout and reaches the mass spectrometer (red trace) by chopper. The black  

                    trace is the phase signal generated by the chopper. 

 

We have observed O recombination on anodized aluminum spinning wall 

surface[51], stainless steel spinning wall surface[7], and on SiO2 layers deposited on the 

spinning wall[8, 56]. The recombination coefficient is quite low ~ 0.04 on these surfaces. 

As explained above, when the inner cone faces holes, the flux of species impinging on 

the surface would be measured, and when the inner cone faces a sample surface, surface 

reactions would be expected to reduce the signal intensity of reactants and increase that 

of products.  
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The gas was switched to O2 and a 400 W (13.56 MHz RF) plasma was ignited. 

After conditioning the chamber and samples in an oxygen plasma for 1 hour and 

obtaining a steady O2 signal (m/e = 32), sample was moved such that inner cone faced an 

open area, a Ni-plated anodized aluminum sample, and holes at various positions. The 

signal intensities are shown in Figure 5.5 for various positions. There is a small increase 

in O2 signal when facing the Ni-plated aluminum surface, due to surface recombination 

of O atoms. While one may expect a larger effect for an active material like Ni, is should 

be noted that surfaces in this reactor become quickly conditioned by the Si-oxide coating 

that forms on surfaces due to the erosion of the quartz discharge tube. Correspondingly, 

the O atom intensity drops because of recombination, as is also shown in Figure 5.5. 
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Figure 5.5: Signal of O2 and O for three different positions of sample holder. Open Area:  

                    when the sample holder is out of the chamber, Ni-Al: when the snout faces  

                    the sample, and Hole: when the snout faces the hole between two samples.  
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 Chapter 6 

 

 Conclusions and directions for future research 

 6.1 Conclusions 

A new method – “Spinning Wall” – was used to study plasma-surface interactions 

in near-real time, on dynamic and reactive plasma-exposed surfaces in HBr/Cl2/O2 

plasmas using mass spectrometry and Auger electron spectroscopy. In this method, a 

cylindrical substrate made of Ni-electroplated anodized aluminum substrate is rapidly 

rotated between the reactor chamber and differentially pumped diagnostic chambers, 

allowing points on the cylindrical substrate to be periodically exposed to the plasma and 

diagnostic tools at π and π/2 position (shown in Figure 2.1, Chapter 2) resulting in the 

analysis of surface in as little as ~0.5 ms after the surface leaves the plasma. The time 

elapsed between the plasma exposure and subsequent analysis can be controlled by 

varying the substrate rotation frequency from 0-30,000 rpm allowing the study of time-

resolved desorption kinetics. This technique was used to extract Langmuir-Hinshelwood 

recombination coefficient of atoms on various spinning wall surfaces exposed to a variety 

of plasmas.  

In an HBr plasma with no Si etching, mass spectroscopy measurements of the 

plasma composition indicated that ~30% of the HBr was dissociated to form H2 and Br2. 

Layers deposited on the reactor chamber contained little if any Br under these conditions. 

There are likely very few O dangling bond sites for Br adsorption, and any that may exist 
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are expected to preferentially react with H to form OH, thus blocking Br adsorption. H2 

and Br2 form by heterogeneous recombination of H and Br atoms, with very short (<<1 

ms) reaction/residence times on the surface, since these products were not detected 

desorbing from the spinning wall. 

When O2 was added to HBr, Br2 was detected desorbing from the spinning wall. 

This was ascribed to an increase in O dangling bond sites and a long-lived SiO-Br 

intermediate on the surface. A large H2O signal was also observed, indicative of long 

lived H + OH association and/or H2O physisorption on the spinning wall.  

When rf bias power was applied to a stage holding a Si wafer, generating a dc 

self-bias of -120V, a rich mixture of etching products was observed in a pure HBr 

plasma. SiBr and SiBr3 were prominent desorption peaks, due to their higher sticking 

probability compared to SiBr2 and SiBr4, which are major gas phase components. The 

layer deposited on the spinning wall had a Si:O:Br composition of 32:7:60. SiBr, SiBr3, 

and Si2Br4 show stronger rotation frequency dependences than SiBr2, Si2Br5 and Si2OBr5 

suggesting a higher sticking probabilities of the and/or higher rates of formation of 

former species. When 6% O2 was added to HBr and rf bias was put on the Si wafer, a 

similar mass spectrum was obtained with no new silicon oxy-chloride peaks. The 

deposited layer composition is also similar to that observed in Si etching in a pure HBr 

plasma. When 20% oxygen was added to HBr, Si etching stopped and O replaced much 

of the Br in the surface layer (Si:O:Br = 39:50:11). This shows that Br can only be left on 

the reactor walls as a result of SiBrx impingement, and not from bromination of a Si-

containing layer by impinging Br. 
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When equal amounts of Cl2 and HBr are added to the chamber with the plasma 

off, heterogeneous reactions lead to formation of HCl, BrCl and Br2, detected by the mass 

spectrometer as a line-of-sight leak. By changing the chamber wall layer composition 

from SiOx to SiClx (with little O), the composition of products from heterogeneous 

reactions between Cl2 and HBr changes; most notably, no BrCl is formed with SiClx-

coated walls. With the plasma on without bias, the reaction product distribution is similar 

but with more BrCl. When rf bias was applied to the stage, SiCl, SiBr, SiClxBry products, 

as well as higher mass products with a wide distribution of Cl and Br and at least 2 Si 

atoms were observed. Addition of 6% O2 made little difference, but with 40% O2 added 

to the HBr/Cl2 plasma, etching ceased. 

With HBr:Cl2 (1:1) plasmas and no rf bias on the stage, the reactor walls were 

covered with a layer with a Si:O:Cl composition of 50:47:2.9 and no detectable Br. With 

-120Vdc stage bias, the layer composition changed to Si:O:Br:Cl = 36:21:18:25. As with 

HBr plasmas, Br in the layer on the reactor walls in HBr/Cl2 plasmas is deposited by 

impinging SiBrx etching products. Adding 20% O2 to a HBr/Cl2 plasma with -120 Vdc 

bias suppresses Br adsorption, but Cl still adsorbs (Si:O:Br:Cl = 46:27:0:27). Further 

addition of oxygen (~40%) stops Cl adsorption. 

We also studied the effect of titanium contamination on the O-atom 

recombination probability on plasma conditioned silicon-oxide surface, using the 

spinning wall technique. A custom-made Ti evaporator was used to deposit titanium in-

situ on the silicon-oxide covered spinning wall surface. Auger electron spectroscopy was 

used to monitor the surface composition in-situ during and after Ti deposition. O-atom 

recombination probabilities were calculated by measuring the pressure rise in the Auger 
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chamber after conditioning the surface with the oxygen plasma. It was found that 1% Ti 

deposition reduced γO by ~ 9% and 17% Ti deposition reduced it by ~ 35%. We have 

proposed a mechanism to explain this decrease of γO following Ti deposition in which 

less active TiO sites replace more active SiO sites for O recombination.  

 6.2 Directions for future research 

 6.2.1 Concentrated plasma source: High plasma and radical densities 

In the current spinning wall system, the plasma is generated by the inductive 

coupling of the 13.56 MHz radio-frequency (rf) power to the feed gas in the ~7 inches 

wide region of the quartz discharge tube with its center ~10 inches from the bottom. The 

discharge tube is ~18 inches long. The plasma diffuses downstream into the reactor 

chamber where it is confined by a ~50 G electromagnet. Though the electromagnet helps 

in preventing the plasma density from decaying, there is still substantial decrease in 

densities of radicals and charged particles. Ions and electrons are lost to the reactor walls 

and radicals might react on the walls thereby reducing the dissociation of the feed gas. 

This will decrease the net radical flux impinging on the spinning wall surface. For 

example, in a chlorine plasma, Cl is formed mainly in the upstream source region, where 

the electron density is much higher and the recombination coefficient on the silica 

discharge tube is low. In the downstream region, Cl is lost to the walls in recombination 

reactions. Unless the plasma is operated at a very low pressure and high power where Cl2 

dissociation is ~100% and electrons are not lost in the dissociative attachment process Cl2 

+ e
-
 → Cl + Cl

-
, it is difficult to obtain high dissociation and electron temperatures near 

the spinning wall. The new source should allow us to study plasma-surface interactions in 
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high ion fluxes (plasma density of the order of ~10
11

 – 10
12

 cm
-3

) and high radical fluxes. 

In a previous publication[9] from the same laboratory, it was found that recombination 

coefficients of Cl atoms depend on the Cl-to-Cl2 number density ratios in the plasma and 

that Cl2 competes with Cl for the adsorption sites. The data presented were for the Cl-to-

Cl2 density ratios in the range of 0.1 - 0.8. With the dense plasma source, we want to 

investigate conditions where the Cl-to-Cl2 flux is large and Cl adsorption will dominate 

Cl2 adsorption. A design of the concentrated plasma source with plasma generation next 

to the spinning wall surface without changing much of the current experimental setup is 

shown in Figure 6.1. 

The spinning wall chamber and the diagnostic chambers shown in Figure 2.1 will 

be in place while the reactor chamber with the quartz discharge tube and the 

electromagnet will be replaced with the components shown in Figure 6.1. A small 

alumina tube (5 inches in length and 5 inches in diameter) with a cooling water jacket, a 

4-turn ICP coil and a Faraday shield (to have more inductive coupling of the plasma and 

avoid sputtering of the quartz window) will be positioned closer to the spinning wall 

chamber. The ends of the alumina tube will be machined to seal against the stainless steel 

(SS) flange using o-rings. A water-cooled Si wafer-covered stage will be fitted to the 

flange at the other end of the alumina tube. The Si wafer-connected flange will have 4 

ports that would be utilized for OES measurements and pumping. 
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Figure 6.1: Schematic drawing of the concentrated plasma source. 

 

6.2.2 Spinning wall biasing and temperature effects 

Currently, we are investigating the surface reactions when the etched products 

deposit in the presence of a plasma with no biasing on or temperature variation of the 

spinning wall substrate. It would be interesting to investigate variations in the surface 

chemistry during energetic positive ion bombardment by negatively biasing the spinning 

substrate. Ion bombardment can enhance surface reactions by creating sites for 

adsorption. Gomez et al. observed that ion bombardment and atom flux have an effect on 

the surface loss coefficient[137]. The surface temperature also has an effect on plasma-

surface processes. Researchers have shown that recombination of oxygen atoms on Pyrex 
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and silica increases with increasing surface temperature[138]. Doshita et al. studied the 

sticking probability of Cl2 on a Si (100) surface via a molecular beam method[139]. They 

found that the sticking probability of Cl2 decreases with Ts at lower incident energies 

while no Ts dependence is observed at higher incident energies.  

In the studies presented here, the surface temperature of the spinning wall surface 

was ~300 K. In order to model these complex reactions, however, an understanding of 

the activation energies for different reaction pathways is essential. Activation energies of 

desorption can be determined by temperature programmed desorption (TPD) studies[140] 

where the surface temperature is increased and corresponding desorption yields are 

measured. Decay of desorption products measured for Cl2 and O2 plasmas in past studies 

on the spinning wall setup could be performed at different surface temperatures. 

This can be done by inserting a hollow copper tube of the outside dimensions 

matching the contour of, and in close proximity to, the interior surface of spinning wall. 

The gap between the wall surface and the copper surface should be kept small to increase 

the radiative heat transfer and particularly the capacitance for rf-biasing. The schematic 

of this arrangement is shown in Figure 6.2. Another hollow pipe of smaller diameter will 

be placed inside the copper tube to allow an in and out flow of liquid nitrogen or heated 

liquid (water or an oil). This will allow the temperature control of the spinning substrate.  

RF voltage can also be applied to the copper rod. This will capacitively-couple to 

the spinning wall and allow a negative DC self-bias to develop. The bias will be 

measured by energy shifts in the Auger peaks, as demonstrated in previous studies.[25, 

104] In addition to studying effects of ion bombardment, we will also be able to sputter 

clean the substrate by this method, when required. 
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Figure 6.2: Design of the Cu metal tool (outlined in red) to vary the temperature of the s 

                    spinning wall. The substrate can be rf-biased by capacitive coupling to  

                    generate a negative self-bias on the spinning wall surface. 

 

6.2.3 Reactions on “coupon” surfaces 

Our system can presently study Langmuir Hinshelwood (LH) kinetics but not 

Eley Rideal (ER) recombination because our analysis chamber does not see the plasma. 

In LH recombination, species (e.g., atoms) adsorb on the surface, diffuse, recombine and 



116 
 

desorb, while in ER recombination, one of the atoms adsorbs and the other atom 

impinges on the adsorbed atom, forms a bond, and the product molecule promptly 

desorbs. We need to create plasma at a point where desorption can be detected by the 

mass spectrometer directly as explained in Chapter 5 and further next.  

The method described in Chapter 5 will allow measurement of fluxes of reactive 

radicals, ions and stable plasma species and the fluxes of species leaving the surface of 

the coupon samples by line-of-sight mass spectrometry. Many coatings can be evaluated 

together for similar plasma conditions. Time-resolved and temperature dependent studies 

can be performed to obtain desorption and/or reaction kinetics. By rf-biasing the samples 

effects on surface reactions due to ion bombardment can be observed. Another advantage 

of the setup is the evaluation of flat samples. ER reactions can be studied perhaps by 

using a pulsed plasma in synchronization with a high speed chopper in front of the line-

of-sight mass spectrometer. 

Coupon samples (e.g., 1 cm
2
 Al coated with Y2O3) could be prepared for 

evaluation. One or several different samples would then be mounted on a rod that would 

be inserted through a loadlock chamber into a plasma reactor. ICP or CCP plasmas could 

be operated with various feed gases e.g. Cl2/HBr/O2. The coupon-holding rod would be 

temperature controlled. Species desorbing from the surface would be detected by the 

differentially-pumped mass spectrometer, through a snout with an aperture placed at a 

distance from the sample smaller than the mean-free path of species. Incident species’ 

fluxes would be detected in a similar manner. 

Examples of some of the results that could be produced and questions that could be 

answered are: 1) how does H2O retention vary with time and wall temperature (we have 
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found that H2O is a major product formed in HBr/O2 plasmas and desorbs from chamber 

walls seconds to minutes after plasma exposure, with a complex dependence on history); 

2) which coating retains H2O the longest; 3) which coatings are most likely and least 

likely to recombine Cl and Br atoms; 4) how does a plasma “pre-treatment” affect 

recombination rates and species physisorption; 5) how does surface roughness affect 

these parameters; and 6) which coatings are most stable to these kinetic parameters as a 

function of time in accelerated ageing studies? 
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Appendix A 

 

A.1 Mass Spectrometer Setup 

Mass spectrometry was used to analyze the composition of the molecules and 

species desorbing off the spinning wall. The mass spectrometer consists of three 

components: an ionizer, a mass filter, and an ion detector as shown in Figure A.1.1. The 

most common ionization technique is electron impact ionization. In this, electrons are 

produced by a heated filament and are accelerated to an energy of typically 70 eV before 

colliding with the molecules and producing ions. For species G producing the parent ion, 

G
+
, this process can be expressed as  

e
-
 + G  G

+
 + 2e

-
.        (1) 

 The probability for ionization depends on the ionization cross-section and electron flux.  

Ions are transported to the mass filter with the help of electrostatic (Einzel) lenses, and 

are energy filtered. Energy analysis is not of interest here, so the energy analyzer was 

operated as a wide bandpass filter to improve the signal-to-noise ratio.  In residual gas 

analysis mode, the ion energy is established by the voltage applied to the ion basket. 

Because of the field penetration due to voltages applied to surrounding electrodes, the 

ions created here will exhibit a characteristic energy distribution. The use of energy 

analyzer imposes a bandpass window to the ions in a similar way as in secondary ion 

mass spectrometry. The difference here is that the ions generated in the ionizer do not 

have as wide an energy distribution as the secondary ions. The ion energy distribution 



137 
 

and the bandpass window must overlap in order for the ions to pass and must be carefully 

optimized. 

 

Figure A.1.1: Photograph of the mass spectrometer showing the three main components. 

  

The mass filter separates different ions according to their mass-to-charge (m/e) 

ratios. The quadrupole analyzer has two pairs of electrodes of hyperbolic/circular cross-

section aligned to have a four-fold symmetry on the z-direction. One voltage is applied to 

the pair of electrodes which sit symmetrically on the x-axis, while another voltage of 
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opposite polarity is applied to the other pair of electrodes symmetrically on the y-axis. 

With this array, a quadrupole field of the form – 

Φ = -λ (x
2
 – y

2
)        (2) 

is established in space where Φ is the potential distribution and λ is the constant set by 

the inscribed radius of the electrodes and the magnitudes of the potentials applied to the 

electrodes. The voltages applied have both a DC component and a RF component. 

Mathematically, the motion of the ion can be described by the Mathieu equations 

x
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dt
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 .      (4) 

In the mass spectrometer in this study, the frequency of the RF voltage and the ratio of 

DC voltage to RF voltage are fixed. The quadrupole filter has a fixed length of the 

electrodes which imposes an upper limit on the kinetic energy of ions to be filtered out. 

After the ions are filtered by mass analyzer, the ions are sensed by an ion detector. 

 The simplest ion detector is the Faraday plate which measures the absolute current 

of the ions coming out of the mass filter. Ion currents as low as 10
-15

 Amp can be 

measured. A drawback of this is the slow response for small signals. Although the mass 

spectrometer has a Faraday plate, we used a Channeltron Electron Multiplier (CEM) as 

the ion detection device. A schematic is shown in Figure A.1.2. The Channeltron is made 

from glass and shaped as a bent funnel with its inside surface coated with active materials 

for the secondary electron emission. Electron multipliers accelerate single electron to a 
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surface that has a low work function, yielding more than one electron. If each of these 

electrons hit a similar surface more electrons will be emitted. The secondary electron 

emissions thereby amplify the input signals. The gain of the CEM is of the order of 10
6
 to 

10
8
. A problem with the CEM is that its sensitivity depends on mass. This problem is 

minimized by use of a metal conversion dynode (CD). With the CD, the generation of 

secondary electrons from the incident ions is independent of the ion’s mass. The 

positively charged ions pass through a grounded shield and are drawn to a more highly 

negative conversion dynode voltage (-4 kV) compared to the voltage on the multiplier (-2 

kV). There the ions produce secondary electrons which are pulled towards the CEM 

because of the electric field. The primary particles at the channeltron are the secondary 

electrons (negative ions are secondary particles). The advantage of using the CD is that 

the ions strike the CD at higher energies and thus the secondary emission ratio for heavier 

ions is increased more than the lighter ions and reduces the mass discrimination of the 

multiplier. 

 Ion detection can be done in either analog or pulse counting mode. In analog 

mode, the intensity of the multiplier signal is proportional to ion current from the 

quadrupole. To quantify ion current, the gain of the conversion dynode/multiplier setup 

must be measured at the working potentials. This gain is measured by comparing the 

multiplier signal intensity to that of the Faraday plate. In pulse counting mode used in 

earlier studies[97, 111], the multiplier is used to count the number of ions incident on the 

CD. By setting the multiplier voltage to 2 kV or higher, every incident ion will generate a 

pulse of about the same height. These counts reflect the number of ions incident on the 

multiplier. With a proper pulse height discriminator, noise can be avoided. Thus, pulse 
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counting will give improved signal-to-noise level for signals. To determine the working 

voltage for pulse counting mode, an ion corresponding to a small signal is chosen and the 

multiplier voltage is stepped up from 1000 V until the counts reach a plateau. This will be 

the minimum working voltage. As the multiplier ages, the minimum working voltage will 

climb. A limitation of pulse counting mode is that the multiplier begins to lose counts at 

about 10
6
 to 10

7
 counts per second. 

 

Figure A.1.2: Schematic of funnel-shaped Channeltron Electron Multiplier. 
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A.2 Auger Electron Spectrometer setup 

Auger Electron Spectroscopy is an analytical technique used to determine the 

elemental composition and, in many cases, the chemical state of the atoms in the surface 

region of a solid material. The AES (DESA 100) is a high performance electrostatic 

analyzer combined with an integrated electron gun as shown in Figure A.2.1. Both the 

input lens and the energy analyzer have cylindrical mirror configuration and beam 

focusing is achieved by biasing both the inner and outer cylinders. The principle of 

operation can be divided into three steps:  

1. The electrons emitted from a well-defined area of the sample are collected by the 

input lens and focused onto the intermediate diaphragm. 

2. The transmitted electrons are decelerated using a spherical electrostatic field. 

3. Energy analysis of the retarded electrons is performed by focusing the beam onto the 

exit slit by a cylindrical mirror field and through the entrance aperture of the detector 

(electron multiplier). 

AES exploits the Auger electron emission process upon the incidence of high 

energy electrons on an atom. It was first described by Pierre Auger in 1925. Auger 

electron emission is initiated by the creation of an ion with an inner shell vacancy (K 

shell) as shown in Figure A.2.2. Auger electrons are emitted in the relaxation of excited 

ions. In this process, an electron from a higher lying energy level (LII shell) fills the inner 

shell vacancy with the simultaneous emission of an Auger electron (LIII shell). AES is a 

surface sensitive technique since electrons have short mean free paths in solids. The other 

relaxation process of an excited ion is x-ray fluorescence. 
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Figure A.2.1: Schematic view of the DESA 100 analyzer. 
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Figure A.2.2: Schematic diagram of Auger electron emission. The incident particle  

                        causes the ejection of a K-shell electron. 
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The measured Auger intensity is given by 

Ii = Ip Ni σi γi (1+r) λcosθ F T D R ,      (2) 

where 

Ii = Auger intensity for the ABC transition of element i 

Ip = Primary electron beam current 

Ni  = Number of atoms of element i per unit volume 

σi = Ionization cross section for the A level of element i 

γi = Auger transition probability for the ABC transition of element i 

r = Secondary ionization for the A level of element i by scattered electrons (backscatter 

effect) 

λ = Inelastic mean free path 

θ = Angle between Auger electron and surface normal 

F = Analyzer solid angle of acceptance 

T = Analyzer transmission function 

D = Detector efficiency 

R = Surface roughness factor (0 < R < 1) 

and the atom density of element i, Ni, is the product of total atom density, ρ, and the 

atomic concentration of element i, Xi, 

Ni = ρ Xi.         (3) 
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From equations 2 and 3, 

Ni = ρ Xi = Ii / (Ip Ni σi γi (1+r) λcosθ F T D R) = Ii / Si.   (4) 

Si can be tabulated as relative sensitivity factors for each beam voltage and be normalized 

to Sref for a reference material. A general expression to determine atomic concentration of 

any constituent in a homogeneous sample, Xa, is given by 
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