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Abstract 

Precise control of ion energy distribution (IED) is critical to achieve highly 

selective, low damage etching. A novel approach to control IED using pulsed plasma 

with synchronously pulsed dc bias on a boundary electrode in Ar gas is first presented. 

Synchronization of the dc bias applied during the afterglow of a pulsed plasma and the 

plasma rf power resulted in a double-peaked IED. The mean energies of the two peaks, as 

well as the peak separation, were controlled by adjusting the applied dc bias and the 

discharge pressure. Nearly mono-energetic IEDs can be extracted in the afterglow of a 

pulsed plasma. 

With precisely controlled IEDs, a new, important phenomenon is reported: photo-

assisted etching of p-type Si in chlorine-containing plasmas. This mechanism was first 

discovered in mostly Ar plasmas with a few percent added Cl2. A substantial etching rate 

was observed, independent of ion energy, when the ion energy was below the ion-assisted 

etching threshold. Experiments were carried out with light and ions from the plasma 

either reaching the surface or being blocked, showing conclusively that the “sub-

threshold” etching was due to photons. Sub-threshold etching rates scaled with the 

product of surface halogen coverage and Ar emission intensity. Etching rates measured 

under MgF2, quartz, and opaque windows showed that sub-threshold etching is due to 

photon-stimulated processes on the surface, with VUV photons being much more 

effective than longer wavelengths.  

In an effort to manipulate the electron energy distribution function (EEDF) and 

plasma density, a plasma reactor incorporating dual tandem plasma sources separated by 

a grid is presented. As feature sizes shrink to the nanometer scale, tuning the EEDF 
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becomes increasingly important for both plasma etching and deposition. By pulsing the 

main plasma source, while maintaining the tandem source in continuous wave mode, a 

low electron temperature of ~1 eV at high plasma density (10
11

 cm
-3

) was realized. This 

was achieved by applying a dc bias to a boundary electrode in the tandem source. The 

electron temperature in the afterglow period could be controlled by changing that bias 

voltage.  
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation for plasma etching  

Etching is widely used as a pattern transfer technique in micro-fabrication to 

remove selected regions of layers from the surface of a wafer during manufacturing. For 

many etch steps, part of the wafer is protected from the etchant by a "masking" material 

that resists etching. In some cases, the masking material is a photoresist that has been 

patterned using photolithography. Other situations require a more durable mask (hard 

mask), such as silicon nitride, silicon oxide, metals, etc. 

In the early days of integrated-circuit processing, wet etching was used for pattern 

transfer. Wet etching offers high reaction rate and selectivity. Wet etching is isotropic, 

that is, erosion of the substrate occurs equally in all directions, which leads to large 

undercut during etching (except for crystallographic anisotropic etching of some single-

crystal materials). Hence this chemical etching process is not suitable for etching fine 

feature with aspect ratios (feature height divided by width) greater than about 0.1.  It also 

requires the disposal of large amounts of toxic liquid waste. Modern devices generally 

require anisotropic etching of fine features with aspect ratios as high as several hundred. 

Fortunately, this demanding requirement can be obtained by plasma etching, hence this 
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process has replaced wet etching for most if not all the steps in the manufacturing of a 

range of semiconductor devices. 

1.2 Plasma etching 

The use of the term "plasma" for an ionized gas started in 1927 with Irving 

Langmuir (1881-1957), who studied glow-discharges and won the Nobel Prize for 

chemistry in 1932.
1,2

 The way the electrified fluid carries high velocity electrons, ions 

and impurities is analogous to the way blood plasma carries red and white corpuscles and 

germs. The term “plasma etching” is refers to an etching process that uses a glow 

discharge to etch a material immersed in a plasma. Plasma etching can replicate fine-line 

features into silicon and other materials, due to anisotropic ion bombardment normal to 

the surface. Ions are accelerated by the sheath potential generated close to the surface 

exposed to the plasma. The basic surface reactions that are possible in plasma etching 

processes are shown in Fig. 1.1.                                                     

                        

      Figure 1.1 Basic etching mechanisms: (a) chemical etching, (b) sputtering, (c) reactive ion etching 

Overall, the etching yield can be characterized by the  model proposed by 

Gerlach-Meyer
3
. The etching rate is the sum of the physical sputtering rate, spontaneous 

chemical etching rate, and reactive-ion etching rate. 
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1.2.1 Sputtering 

Physical sputtering (Fig. 1.1b) is driven by momentum exchange between 

energetic ions and atoms in the materials, causing a “collisions cascade”.
4,5

  Atoms are 

ultimately ejected from the target material due to this collision cascade. This physical 

process has very low selectivity, i.e., most materials are sputtered at a comparable rate.  

The sputtering rate may be expressed as: 

      
  

 
     

       
    

  

 
 ,                                                                     (1.1) 

where    is the sputtering yield (atoms of substrate material removed per incident ion),    

is the ion flux,   is the density of the material, and   is a constant characteristic which is 

dependent on the particular projectile–target combination.    and     are ion energy and 

sputtering threshold energy, respectively. The extrapolated threshold energy was reported 

to be approximately 50 eV for physical sputtering of silicon with Ar
+
.
6
 The sputtering 

yield of Ar
+
 with more than 100 eV energy has been reported by several researchers.

7-9
 

For example, under irradiation of 100 eV Ar
+
, the sputtering yield of Si is ~0.1. A major 

drawback of sputtering is surface and underlying material damage by high energy ion 

bombardment, which becomes more intolerant as feature dimensions continue to shrink. 

Sputtering sometimes also result in tapered profiles due to non-volatile products 

deposition on the sidewall; effectively increasing the mask width as etching progresses.
10

 

1.2.2 Spontaneous chemical etching 

Spontaneous chemical etching can occur without energetic ion bombardment. A 

cycle of the plasma etching mechanism consists of  a sequence of three steps: adsorption, 

reaction, and desorption.
11
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For example, chemical etching of Si (Fig. 1.1a) occurs in a CF4 plasma when F 

radicals react with the surface spontaneously to yield SiF4 and SiF2 volatile product:
12-14

  

CF4  + e  CF3 + F + e ,                                                                                  (R 1.1) 

Si + F(g)  SiF(ads) ,                                                                                          (R 1.2)    

SiF + F(g)   SiF2(ads) ,                                                                                      (R 1.3) 

SiF2 + F(g)   SiF3(ads) ,                                                                                     (R 1.4) 

SiF3 + F(g)   SiF4(ads) ,                                                                                     (R 1.5) 

SiF2(ads)    SiF2(g) , and                                                                                   (R 1.6) 

SiF4(ads)    SiF4(g) .                                                                                          (R 1.7) 

CF4 gas molecules are dissociated by electron impact collisions, and fluorine 

atoms are generated, as shown in eq. (R 1.1). On the Si surface, fluorine atoms react with 

Si according to eq. (R 1.2-R 1.5). As the binding energy of Si–F is 5.62 eV, which is 

much larger than the Si–Si bond strength of 3.26 eV, the reaction progresses to generate 

SiFx compounds. Chemisorbed layer is formed on the surface by reacting with F radicals, 

eventually converts into weakly-bonded SiF2 and physisorbed SiF4 that desorb.  

1.2.3 Reactive-ion etching 

The merit of plasma etching is that it produces anisotropic feature profiles. For 

such a process, desorption of the chemisorbed layer is stimulated by the presence of 

energetic ion bombardment. Fast anisotropic etching requires a combination of energetic 

ions and reactive neutral species. This ion-assisted etching process is often referred to as 

reactive ion etching (RIE). In RIE, ion bombardment accelerates the reaction of the 

neutral with the surface. It was first explained in a classic experiment by Coburn and 
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Winters
15

 at IBM Research Laboratories. They used ion and molecular beams to simulate 

a plasma. An example of silicon etching rates is shown in Fig. 1.2. When the silicon 

surface is exposed to XeF2 alone, a small etching rate (chemical etching) is observed. 

When the surface is exposed to Ar
+
 alone, a small sputtering rate is observed. When the 

surface is simultaneously exposed to the neutral and ion beams, however, the etching rate 

is much larger than the sum of the chemical etching and sputtering rates.   

 

Figure 1.2    Ion-assisted gas-surface chemistry using Ar
+
 and XeF2 on silicon, detail of the experiments 

can be found in ref. 15. 

 

The kinetics of the ion-assisted etching is extremely complicated, although 

models in terms of adsorption/reaction/desorption have been proposed.
14-17

 The details of 

ion-assisted etching reactions have been reviewed elsewhere,
4,13

 the rate of desorption in 

eq. 1.6 by ion-assisted etching can be expressed as: 

              ,                                                                                                   (1.8) 

where    is yield of ion-assisted etching, and    is ion flux to the surface. 



6 

 

 

Figure 1.3    Ion enhanced polysilicon etching by Cl atom with Ar
+
 ion. Dotted lines are fits of a surface 

kinetic model. Detail of the experiments can be found in ref. 6. 

 

Ion-assisted etching yields have been found to be a strong function of the neutral-

to-ion flux ratio. Chang et al.
6
 investigated these surface kinetics in ion-enhanced 

chlorine plasma etching of silicon in the low ion energy regime by utilizing Ar
+
 for ion 

bombardment and Cl and Cl2 as reactants. Figure 1.3 shows the ion etching yield versus 

chlorine atom-to-argon ion flux ratio at three ion energies. The etching yield increases 

sharply at low flux ratios, indicating that the etching reaction is limited by the availability 

of chlorine on the surface. At higher flux ratios, the surface is highly chlorinated, the 

etching yield increases moderately with the flux ratio, and the reaction is ion flux limited.  

At any given atom to ion flux ratio, the etching yield has a linear dependence on 

the square root of ion energy (Fig. 1.4).
8
 The ion-assisted etching yield (denoted as β in 
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Fig. 1.4) increases with incident ion energy because the ion enhanced surface kinetics are 

initiated by a collision cascade which scales with the ion momentum. Ion-assisted etching 

of Si with Ar
+
/Cl exhibits an etching threshold, extrapolated to be 16 eV, which is lower 

than that of the physical sputtering of polysilicon with Ar
+
. The etching yield of ion-

assisted etching is greatly improved compared to that of physical sputtering. 

       

Figure 1.4     Fitted ion-assisted etching yield (β) and sticking coefficient (s) vs Eion
1/2 

for Ar
+
/Cl etching of 

polysilicon. Detail of the experiments can be found in ref. 6. 

 

It should be noted that Chang et al.
6
 did not have experimental measurements 

below 36 eV of ion energy. The etching yield was assumed to be zero below the 

extrapolated threshold, since chemical etching of undoped or p-type poly-Si with Cl atom 

has been found not to occur or to be very slow at room temperature.
12,18,19

 Other etching 

mechanisms, such as electron-assisted etching, are not important compared to ion-

assisted etching at high ion energy.
13,15
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1.3 Challenge of plasma etching in nanoscale 

Low-temperature non-equilibrium plasmas have been used to transfer pattern in 

semiconductor-based integrated circuits (IC) for over 40 years. Plasma processing, 

particularly plasma etching, makes possible the incredible shrinking of IC feature 

dimensions that has occurred over the past 35 years. The most frequently cited “scaling” 

trend is usually expressed as Moore’s Law (that is, the number of the transistors in 

integrated circuits doubles roughly every 24 months), which was proposed by Intel co-

founder Gordon Moore in 1965.
20

 Moore’s law has been realized through many 

technology innovations, enabling decreased cost-per-function and significant 

improvements in economic productivity. The scaling-down trend of the technology node, 

which is usually defined as half-pitch of first-level interconnect dense lines (i.e., the 

smallest feature printed in a repetitive array) is shown in Fig. 1.5. The most advanced 

integrated circuits being produced in 2013 are made on a 14 nm scale, shrinking down 

from 22 nm in 2012. According to international technology roadmap for semiconductors 

(ITRS)
21

, the next size would be 10 nm, followed by 7 nm and then 5 nm. 

It is certain that, over the coming decades, plasma etching, deposition and surface 

modification will play major roles in both top-down (lithographic or stamped patterning) 

and bottom-up (e.g., self-assembled monolayer) nano-technology at the atomic scale. 

Each step along the path of shrinking dimensions predicted by Moore’s Law brings more 

challenges to plasma etching, however, and thus the processes have become increasingly 

complex.  
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Figure 1.5    Technology node as a function of year predicted by Moore’s Law 

 

First, plasma-induced etched material damage/modification must be greatly 

reduced. Most physical damage, i.e., disruption of the atomic structure of the substrate 

surface, is induced by energetic ion bombardment. As feature sizes in integrated circuits 

have gone from micron to nanometer scales, the thickness of this damaged layer on the 

sides and bottoms of etched features has remained roughly the same. Consequently, what 

was a negligibly small fraction of damaged material in etched features ten years ago is 

becoming a concern today.  

For example, in back end of the line (BEOL), a critical effect of plasma-induced 

damage of side walls is the increase in the dielectric constant κ value of porous low- κ 

materials during plasma ashing after the RIE process.
22-25

 The reactive ions and radicals 

in the plasma enhance the damage-induced modification in the bulk properties of the 

porous low- κ materials. The mechanism by which O2 plasma induces an anomalous 

increase in the κ value is based on the extraction of the CH3 components from bulk films 
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by breaking the Si–CH3 bonds during reactions involving the O radicals in the O2 

plasma.
25

  

Secondly, it requires minimizing underlying layer damage upon exposure to 

the plasmas. In many applications, the substrate (material 1) underlying the etched film 

(material 2) needs to be preserved during the time that the underlying layer is exposed to 

the plasma. Thus a high etching selectivity is required between different materials. This 

problem is exacerbated by aspect ratio dependent etching (ARDE) and loading, whereby 

features with different aspect ratios and feature density etch at different rates. During 

etching, the aspect-ratio increases and the etching rate generally decreases or, in extreme 

cases, etching stops. A number of mechanisms have been proposed
26,27

 and involve 

transport of neutrals and ions as well as charging and shadowing effects. Over-etching is 

often essential to compensate for the variation of the etching rates across large wafers and 

within patterns of different line and space widths and densities. With longer etching times, 

the thin photoresist may erode before the etch process is complete, however, and 

sensitive underlying layers or substrates can be damaged. It has been shown that control 

of the ion/neutral ratio is the key to reduction of aspect-ratio dependent etching rate of 

dielectrics.
26,28

 This was accomplished by changing process parameters, such as pressure 

and fluorocarbon feed gas fraction. However, these conditions tend to lead to high 

polymer deposition, which can suppress etching entirely, and do not offer sufficient 

selectivity to current thinner photoresist.  

Damage to the underlying layer could become significant if the ion energy 

distribution (IED) is not well-controlled. For instance, the thickness of the gate oxide can 

be only ~10 Å, becoming vulnerable to high energy ion bombardment.  
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Furthermore, emerging new materials and novel device designs (3-D 

structures) will necessitate the development of ever more specific, anisotropic 

plasma etching processes. The implementation of new materials such as ultra-low-

dielectric constant for interconnect isolation
29

, high dielectric constant materials such as 

HfO2 for the gate dielectric
30

 and the introduction of new device materials such as n-

InGaAs and p-Ge in the near future, and other III-V materials, n-Ge, carbon nanotubes, 

and graphene will call for further development of plasma processing in future 

technologies.
31

 To achieve higher performance at lower voltages, three dimensional 

transistors emerged in advanced devices. The fabrication involves creating “fins” in the 

substrate on which field effect transistors are built.
32,33

 The gate wraps around the fins 

(Fig. 1.6) and depending on the number of the sides of the fin used to form the device, 

bigate or trigate FETs are created. 

  

Figure 1.6    Schematic of Fin Field-Effect Transistor. The gate and the gate dielectric wrap the fins formed 

by etching silicon. FinFET gate etching needs to simultaneously maintain vertical walls and 

remove corner residue, while protecting the exposed fin from structural damage. 
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 As the industry moves to 3D tri-gate FinFET architectures to overcome transistor 

scaling issues, additional etch challenges have appeared that may require new approaches 

to plasma etching. Compared with planar transistors, the performance of FinFET devices 

will depend even more on etching of multiple gates and vertical fin structures. Not only 

are there more etch steps required to form these structures, there are also more surfaces of 

a FinFET transistor exposed to the plasma, resulting in the need for high-precision 

etching with minimal structural damage. Overall, the challenges for plasma etching 

due to dimension scaling-down will call for revolutionary improvements in control 

of ion and electron energy distributions so that atomic precision etching can 

possibly be realized.  

1.4 Scope of this research 

This research is aimed to achieve highly selective, low damage etching of silicon 

by control of ion energy distributions. To address the challenge of atomic precision 

etching, pulsed plasmas were implemented to extract nearly mono-energetic ions. During 

the course of study, a new, important phenomenon, photo-assisted etching of p-type Si in 

chlorine containing plasmas, was first reported and identified. Photo-assisted etching was 

then further studied in different halogen-containing plasmas. The halogen gas and 

wavelength dependence of the photo-assisted etching was investigated. To tailor plasma 

chemistry, i.e., to control ion, reactive radical and photon flux ratios, a tandem plasma 

system was built for advanced control of electron energy distribution functions.   
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CHAPTER 2 

LITERATURE REVIEW 

 

This review starts with the methods to control ion energy distributions employed 

for plasma etching in microelectronic device fabrication. The significance of narrow ion 

energy distribution is then presented, followed by a discussion of methods to extract 

nearly mono-energetic ions. Re-emergence of pulsed plasma and its merit in advanced 

etching process control is extensively discussed. An important, unwanted effect, photo-

assisted etching is elaborated upon. Finally, methods to control electron energy 

distribution functions are presented.    

 

2.1 Control of  ion energy distribution (IED) 

Energetic ion bombardment of the substrate is critical for both plasma etching and 

deposition.
4
 Control of ion energy is the key to achieve atomic precision etching. The 

IED at substrate is determined by the difference in potential between the plasma and the 

substrate, as well as ion collisions with the background neutral gas. In plasma etching, the 

ion energy must be high enough to promote anisotropic etching, but not too high to cause 

sputtering, substrate damage, or loss of selectivity with respect to the mask or the 

underlying substrate. To achieve higher selectivity and linewidth control that is required 

for future devices, not only the mean ion energy but also the ion energy distribution (IED) 

must be controlled. For example, in etching of SiO2 in fluorocarbon plasmas, Wang and 
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Wendt
34

 and Agarwal and Kushner
35

 have shown that tailored bias waveforms
36,37

 

produce narrow IEDs that allow the energy of ions bombarding the substrate to be above 

the threshold for SiO2 ion-stimulated etching, but below the threshold for Si etching, 

thereby enabling extremely high selectivity of SiO2 over Si.  

The IED may be controlled by applying a bias on the substrate or on an electrode 

in contact with the plasma. The application of radio frequency (rf) bias normally results 

in a bimodal ion energy distribution.
38-45

 When i <<(where  is the period of the 

applied bias and i is the ion transit time through the sheath), ions respond to the 

instantaneous sheath voltage, and the IED is rather broad. As i/ increases, the width of 

the distribution decreases and, for very high i/, the IED becomes single peaked. 

However, for very high frequencies, (very small ) the wavelength of the applied field 

may become comparable to the substrate dimension, resulting in undesirable effects, such 

as non-uniform voltage distribution on the substrate electrode.
46

 

Other investigators have controlled the IED by applying a bias on a separate 

electrode in contact with the plasma. For example, Smith and Overzet
47

 and Coburn and 

Kay
48

 applied bias to a metal electrode, thereby shifting the plasma potential (VP) and 

modifying the ion energy distribution on the substrate. A similar approach was followed 

by Panda et al.
49

, in controlling the energy of fast neutrals emanating from a neutral beam 

source. Application of a bias on a “boundary electrode” raised the plasma potential and 

expelled positive ions out of the plasma, through a metal grid with high aspect ratio holes. 

The ions were naturalized on the grid by suffering grazing angle collisions with the walls, 

thereby yielding a fast neutral beam. Xu et al.
50

, obtained nearly monoenergetic IEDs by 

applying a dc bias on a boundary electrode in a pulsed capacitively coupled plasma. By 



15 

 

applying the bias synchronously in the afterglow they were able to minimize the width of 

the IED.  

2.2 Significance of mono-energetic IED 

As feature sizes shrink to the nanometer scale, narrow IEDs are necessary for a 

successful process outcome. High energy ions in a broad IED are responsible for surface 

damage that may lead to device failure.
51,52

 Eriguchi et al. 
53

 reported the effect of plasma 

induced Si recess on device performance degradation. If current trends continue 

(predicted by Moore’s Law), plasma etching will soon be called upon for applications in 

which monolayer control is required. Consequently, some form of atomic layer etching 

(ALET) will be necessary. Early efforts to achieve atomic layer, self-limited etching have 

shown the importance of a nearly monoenergetic ion flux with a tightly controlled width 

of the IED, such that the ion energies are between the thresholds for chemical sputtering 

and physical sputtering of the substrate.
54,55

  

ALET was first reported for GaAs etching with alternating Cl2 adsorption and 

electron beam etching.
56

 ALET of silicon with one monolayer etched per cycle was 

proposed and implemented by Athavale and Economou.
55

 Their approach, depicted in Fig. 

2.1, consisted of four steps:
54

 (1) Exposure of a clean substrate to a reactant gas, and 

adsorption of the gas onto the surface (chemisorption step). The reactant gas flow 

(chlorine in this case) is turned ON only during this chemisorption step. This process is 

self-limiting; chemisorption stops when all available surface sites are occupied. (2) 

Purging of excess Cl2 gas with inert (Ar) gas. (3) Exposure of the surface to ion 

bombardment in an Ar plasma, to induce chemical sputtering of the surface chlorinated 
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layer (etching step). Ideally, this process is also self-limiting; ions react only with 

substrate atoms bonded to the chemisorbed gas. Once this top chlorinated layer is 

removed, further etching (physical sputtering) of the substrate must not occur. (4) 

Evacuation of the chamber to exhaust the etching products. If the periods of 

chemisorption (step 1) and etching (step 3) are long enough, the etching rate approaches 

one atomic layer per cycle, where the atomic layer thickness is that of the chlorinated 

layer, and not necessarily one monolayer of the substrate.  

             

Figure 2.1    ALET cyclic process, consisting of four steps: (1) Chemisorption of a gas on the surface. (2) 

Chamber evacuation to remove all but the chemisorbed gas. (3) Ion-assisted etching of the 

top layer. (4) Product evacuation to remove the etch products from the chamber (refs.
54,55

). 

 

To realize such concept of ALET, it is critical that: (1) Spontaneous chemical 

etching must not take place during Cl adsorption step, otherwise etching with monolayer 

precision is not possible. (2) No physical sputtering should occur during etching step, 

which requires etching with mono-energetic ions so that no ions possess energy higher 

than the physical sputtering threshold. (3) Any possible etching mechanism induced by 
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photons generated by plasma must not occur or must be very slow upon plasma exposure. 

(4) Improve pulsed gas valves and fast switching mass flow controllers so that the cycle 

time can be shortened for this process to be manufacturable. 

Monoenergetic ions are also useful for other advanced patterning methods, 

including neutral beam etching
49,57

 and nanopantography.
58,59

 In the latter method, a 

monoenergetic ion beam is required to achieve optimum focusing of the beam, and 

consequently minimize the size of nano-patterns that are etched or deposited on the 

substrate. 

2.3 Extraction of mono-energetic ions 

Plasma-based ion beam process is one of the key technologies in nanostructure 

fabrications which require mono-energetic ions. In general, an ion beam source consists 

of the ionizer, in which the ions are generated, and of an electrode system for ion 

extraction, acceleration and focusing.
60

 The ions are usually extracted by a voltage Vex 

applied between the plasma and the extractor electrode. However the extractable ion 

current is limited by two mechanisms. First, the velocity of the ions from a plasma 

entering the extraction region and, therefore, the ion current density Ji depends on the 

electron temperature Te of the plasma, and satisfies Bohm’s criterion: 
4
 

        √      ,                                                                                            (2.1) 

where,     is ion density,   is ion mass. 

Second, the space–charge limitation follows from Langmuir–Schottky–Child’s 

law (p = perveance, which indicates how significant the space charge effect is on the 

beam’s motion , d = acceleration distance in the extraction zone, q is mean ion charge):
60
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 , with  
          

 
 .                                                                           (2.2) 

It is difficult, in principle, to attain both low energy and high ion current for an 

atomic or molecular ion beam because of the divergence caused by the space charge 

effects. To develop ion beams that have both low-energy and high-current features (two 

conflicting requirements), a gas cluster ion beam (GCIB) process was invented by 

Yamada.
61

  A gas cluster is an aggregate of a few to tens of thousands of atoms. It can be 

accelerated to the desired energy after ionization. Since the kinetic energy of an atom in a 

gas cluster is equal to the total energy divided by the cluster size, the GCIB with 2000 

atoms accelerated up to 20 keV carries energy of only 10 eV/atom. Although it is difficult 

to obtain 10-eV monomer ion beams due to the space charge effect, equivalently high 

current and low-energy ion beams can be realized by using cluster ion beams.
62,63

 

However, when the GCIB bombards a solid surface, a large number of atoms are 

sputtered in horizontal directions, and this is termed “lateral sputtering”.
64

 This lateral 

sputtering effect is expected to produce a surface smoothing effect for etching of blanket 

wafers, as well as unwanted lateral etching for patterned wafers processing in 

semiconductor fabrication.   

To obtain nearly mono-energetic ions with low ion energy and high flux in a 

plasma environment, pulsed (also known as time-modulated) plasma with synchronous 

pulsed bias scheme was proposed by Donnelly and Economou.
50,58,59,65

 Ion energy 

distributions obtained from continuous wave plasma are fairly broad.
47,48

 Under such 

conditions, even when the sheath potential wave form is designed to yield a narrow IED, 

the ion energy spread is limited by the spatial variation of the plasma potential. This in 

turn is proportional to the electron temperature, Te.
4
 A way to sharpen the IED is to 
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extract ions from a plasma of very low Te. The idea of the pulsing scheme is to extract 

ions during the plasma OFF cycle, during which electron temperature drops drastically 

with only moderate decay in plasma density. Shin et al.
65,66

 controlled the IED by 

applying a synchronous positive dc bias to a boundary electrode during the afterglow of a 

Faraday-shielded inductively coupled pulsed plasma. In contrast to Xu et al.
50

, the work 

focused on low ion energies (Ei<100 eV).  

2.4 Pulsed plasmas 

Pulsed plasmas have been studied for many years.
50,65,67-81

 In these early studies, 

the plasma-generating power was modulated. RF or microwave power is typically 

modulated at frequencies of ~10 kHz, and ~50% duty cycle. Within ~10 s of the power 

being turned off, Te drops from several eV to ~1 eV and then more slowly to less than 0.5 

eV in late afterglow. Ion densities drop some at the center of the plasma and moderately 

at the edge.
66,79

 Recently to address issues such as control of ion energy, reducing 

plasma-induced damage, as well as advanced etch profile control in nano-scales, 

investigation of pulsed plasmas re-emerged.  

Introduced previously, pulsed plasmas allow very narrow ion energy distributions 

to be obtained for most of the afterglow period. In such instance, pulsed bias was also 

investigated. By applying bias synchronously in the afterglow, a nearly monoenergetic 

IED can be obtained.
50,65,66

 Synchronization of the plasma power and pulse power is 

aimed to achieve fine control of the etching process. By tuning the bias power, it allows 

the narrow IED to be above etching threshold for one material (e.g., silicon) and below 

that for another (e.g., silicon oxide), so that extremely high selectivity can be attained.   
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Pulsed plasma with synchronous bias was also adopted to ALET by Donnelly and 

Economou.
82

 This approach is to form a self-limited halogenated surface layer in the 

plasma with no bias on the substrate so that no etching occurs (chemisorption step). A 

bias pulse is then initiated during plasma OFF cycle and the halogenated layer is 

sputtered faster than it can reform (etching step). Etching will greatly slow after this layer 

is removed provided the ion energy is below the sputtering threshold. Bias is then turned 

off and a halogenated layer forms again (chemisorption step). 

Etching selectivity can also be tuned by adjusting neutral radical flux ratio using 

pulsed plasmas.
67-69

 Generally, selective etching of SiO2 or Si3N4 over Si is accomplished 

in fluorocarbon gases (CF4, C2F6, C3F8, CHF3, etc.). A fluoropolymer (CxFy) deposited on 

the underlying silicon assures high selectivity to silicon etching. The CF2, radical has 

been reported as the main gas precursor for fluoropolymer deposition in a reactive ion 

etching (RIE) and an electron cyclotron resonance (ECR) plasma etching, and F atom 

serves as etchant for SiO2 and Si.
83

 Thus, higher selectivity can be obtained with higher 

radical density ratio of CFx(x=2, 3)/F. However, continuous wave ECR plasma causes 

reduced CF2 radical generation and a large number of F atoms. This is because of a high 

level of dissociation caused by higher energy electrons (higher Te). In time-modulated 

plasma, radical density ratio of CFx/F can be tuned by pulse duty cycle, i.e., rf-on time, so 

that high selectivity can be obtained. These phenomena are mainly caused by the time 

dependence of dissociation processes in fluorocarbon plasmas.
67

 

Pulse discharge plasma has been found to effectively suppress the notch 

phenomenon,
68,70,71

 which is often observed in gate overetch due to positive charging of 

the underlying layer that can deflect positive ions toward the sidewall. The charges are 
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caused by differences between ion motions (anisotropy) and electron motions (isotropy) 

in the sheath. The effect of pulsed plasma on the elimination of the notch is considered to 

be due to the lower electron temperature realized in the plasma during afterglow. Since 

the electron temperature decreases in the plasma after the power is turned off, the sheath 

is attenuated and ions can easily reach the photoresist sidewall and neutralize negative 

charges. Electrons can neutralize excess positive charges at the bottom of the trench. 

After neutralization of the positive charges, ions can irradiate the bottom of the pattern 

vertically. If the plasma is in a highly electronegative gas (e.g., Cl2), then the electron 

density will decay rapidly in the afterglow (power off) period, due to dissociative 

attachment and formation of negative ions (e.g., Cl
-
). Deep into the afterglow period in 

such plasmas, the negative ion density can greatly exceed the electron density, causing 

the sheaths to collapse and the negative ions can then reach surfaces, as they are no 

longer repelled by the negative potential difference between surfaces and the plasma. If, 

under these ion–ion plasma conditions, a positive bias is applied to the substrate, then 

negative ions can be accelerated to the substrate surface.
81

 With negative bias, positive 

ions bombard the surface, so with equal portion positive and negative bias at low RF bias 

frequencies, the differential charging problems obtained with electrons as the negative 

charge carrier can be greatly reduced.
71,80

 

Pulsed plasma is expected to reduce material damage, degradation and defect 

generation by photon irradiation in plasma environment. Shin et al.
84

 reported photo-

assisted etching of p-type Si in Cl2/Ar plasmas. The etching was ascribed to be assisted 

by the light generated by the plasma, mainly in the VUV. Photons and heat have also 

been shown to synergistically cause line edge roughness (LER).
85,86 It should be noted 
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that pulsed plasmas produce little VUV light in the off portion, and therefore less average 

VUV light while maintaining high positive ion density. 

2.5 Photo-assisted etching 

In 1979 Coburn and Winters published a classic paper that for the first time put 

forth strong evidence for the mechanism for anisotropic etching of silicon in a 

plasma.
15

 In that study, they found a synergistic effect between positive ion (Ar
+
) 

bombardment and neutral (XeF2 or Cl2) impingement. Before this, it was not known 

whether ions, electrons, or even photons were the important energetic species. In fact, 

Coburn and Winters also investigated the role of electrons and found them to be much 

less important. The role of photons was not considered in these studies. Indeed, at the 

high ion energies used in that study (450 eV), positive ions played the dominant role by 

far in inducing etching.  

It should be noted that the concept of ALET is based on the assumption that 

etching can only be induced by reactive ions. Indeed, with high ion energies, positive 

ions played the dominant role by far in inducing etching. As the feature dimension keeps 

scaling down, photo-induced material modification/etching becomes less tolerable and 

increasingly important compared to ion-assisted process.  More recently, there has been 

increasing interest in operating at much lower ion energies (10s of eV) to improve 

selectivity and reduce damage.  When operating near the threshold for ion-assisted 

etching, it is possible to achieve selectivities of Si etching with respect to SiO2 of greater 

than 100:1.
34

 As device feature sizes shrink below 22nm, precise etching with less 

damage using low energy ions is necessary. With such low ion energies, the etching rate 
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is greatly reduced, making it possible for the contribution of photo-assisted etching to 

become significant.    

Photon-induced etching of Si with halogen in the absence of a plasma has been 

studied by several researchers. Using ultraviolet (UV) light from a Hg–Xe lamp, Okano 

et al.
87

 showed that undoped poly-Si cannot be etched with Cl atoms alone, generated by 

photodissociation of Cl2 gas. When the light was directed at the sample, however, slow 

etching of Si (4 nm/min) was observed. They attributed the etching to a field-assisted 

diffusion of Cl
-
 into the Si lattice as in oxidation, originally proposed by Mott and 

Cabrera.
88,89

 Houle
90

 used an Ar
+
 ion laser (514.5 nm, up to 6 W, unfocussed) to study the 

photochemical etching of Si by XeF2. She showed that photo-generated charge carriers 

enhance etching by causing desorption of SiF3, and found no evidence of field-assisted 

diffusion. Photo-generated carriers have also been shown to induce etching of p-type Si 

in Cl2 under the irradiation of a pulsed 308nm XeCl excimer laser,
91

 or a continuous 

wave Ar
+
 or Kr

+
 laser at various wavelengths.

92
 Similar to the mechanism reported by 

Houle, Jackman et al.
93

 have shown that UV irradiation of Si in Cl2 causes a conversion 

of strongly adsorbed species into more weakly bound groups, leading to enhanced 

desorption and etching. More recently, Samukawa et al.
94

 showed that 220–380 nm 

radiation increases the etching rate of Si in a Cl atom beam at UV lamp power 

densities >20 mW/cm
2
. They attributed the increased etching to crystal defects, created 

by the UV light, that are more susceptible to reaction with etchants. 

Schwentner et al. systematically investigated photo-induced etching of Cu
95-98

 and 

GaAs
99

 with Cl2, and etching of Si with XeF2
100-102

 using synchrotron radiation in the 

VUV range. They found that photo-induced etching was strongly wavelength-dependent, 
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with the maximum yield exhibited around 120 nm. They claimed that substrate atoms can 

be removed by one photon with an efficiency of 10s for semiconductors (GaAs, Si) and 

an efficiency of 100s to 1000s for Cu. They attributed such high-yields to the photo-

excitation of a reactive surface layer, which can initiate a chain reaction, with 

amplification of the order of 10
5
. 

The above studies were performed in a nonplasma environment, usually at much 

higher photon fluxes than those expected in etching plasmas, where the vast majority of 

the input power is consumed in processes other than the generation of light. In situ photo-

assisted etching of p-type Si in Cl2/Ar plasmas, arising from the light generated within 

the plasma itself, was recently reported by Shin et al.
84

. The etching was found to be 

induced by photons, mainly in VUV. Photo-assisted etching was scarcely reported; one 

reason is that in conventional plasma etching with relatively high energy ions (100 s of 

eV), photo-assisted etching is expected to be slow relative to ion-assisted etching. It is 

also hard to quantify ion-assisted etching in a plasma because the ion energy distribution 

(IED) is usually broad and the ion flux is often not well known. 

The interactions of plasma-generated vacuum ultraviolet (VUV) photons with 

polymers and low- κ materials have been reported. Wertheimer et al.
103

 discussed the role 

of VUV radiation in the industrial processing of polymers. Nest et al.
86

 clearly 

demonstrated synergetic effects of VUV exposure, ion bombardment, and heating on 193 

nm photoresist surface roughening in plasma processing. Ion bombardment created a 

modified near-surface layer while UV/VUV radiation results in loss of carbon-oxygen 

bonds up to a depth of ∼100nm. Pargon et al.
104

 also showed VUV light to be the main 

contributor to line width roughness of 193 nm photoresist patterns in plasma etching. 
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More recently, Lee and Graves
105

 showed the effect of VUV photons from Ar and O2 

containing plasmas on chemical modification of porous SiOCH films. They showed that 

VUV/O2 exposure causes a loss of methylated species, resulting in a hydrophilic, SiOx-

like layer that is susceptible to H2O absorption, leading to an increased dielectric constant. 

2.6 Control of electron energy distribution functions 

Control of the electron energy distribution function (EEDF) in glow discharges 

employed in plasma processing is of critical importance to control the flux of radicals and 

ions bombarding the substrate.
4,106

 As feature sizes shrink to the nanometer scale, tuning 

the EEDF becomes increasingly important for both plasma etching and deposition. For 

example, fluorocarbon plasmas are widely used in etching of dielectric materials such as 

SiO2 and Si3N4. It is desirable to tailor the EEDF (or electron temperature, Te, for 

Maxwellian distributions) to achieve a certain F to CFx (x=1 to 3) radical concentration 

ratio, in order to promote high etching selectivity.
107

 

The conventional way to vary the EEDF is by varying the plasma reactor 

operating parameters such as geometry (e.g., interelectrode spacing), frequency,
108

 

pressure, method of plasma excitation etc.
109

 Another way is to use a pulsed plasma.
65

 
79

 

Under the right conditions, the electron temperature can be reduced, while the plasma 

density is maintained at a high level. However, it is difficult to achieve an a priori 

specified EEDF since the relationship between the EEDF and the reactor operating 

conditions is complicated.  

Several unconventional methods have also been reported for controlling the 

electron temperature. Kato et al.
110,111

 employed a grid with large holes (up to 6.8 mm) to 
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separate a discharge region from the ensuing downstream plasma region. By biasing the 

grid, the downstream plasma electron temperature could be controlled down to ambient 

temperature. The electron temperature decrease was accompanied by electron density 

increase. This configuration was studied in detail using both experiments and modeling 

by Hong et al.
112

 Lee et al.
113

 proposed the application of an axial magnetic field to 

control the electron temperature in an inductively coupled plasma (ICP) driven by a 

solenoidal coil. Te at the center of a 10 mTorr, 150 W argon discharge was reduced from 

3.1 eV to 1.5 eV, by applying a magnetic field of 52 Gauss. Dudin and Rafalskyi
114

 also 

employed a biased grid separating an ICP in SF6 from the cold diffuse plasma 

downstream. They identified the range of grid bias for which they could extract a 

continuous neutralized positive ion-negative ion beam. The above studies used one 

plasma source and a biased grid to manipulate the downstream plasma effusing from that 

grid.  

Sato et al.
115

 injected electrons in a capacitively coupled plasma reactor through a 

grid serving as the grounded electrode, to control the ion energy distribution (IED) on the 

counter (powered) electrode. The electrons were produced in an adjacent magnetron 

discharge in contact with the grounded grid electrode. The IED was controlled by varying 

the flux of injected electrons. Uhm et al.
116

 proposed a dual ICP system of a remote ICP 

co-axial with a main ICP. By adjusting the value of a series variable capacitor at the end 

of the main ICP coil, they could vary the plasma density and electron temperature. There 

was no grid separating the two plasmas. The authors studied the potential distribution 

along the common axis of the ICPs and its effect on the non-local EEDF.  
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In the present work, a reactor incorporating dual tandem plasma sources separated 

by a grid is presented, and efforts to manipulate the electron energy distribution function 

and plasma density are designed and implemented. A distinctive feature of this system is 

a biasable boundary electrode at one end of the upper plasma source. One of the goals is 

to tailor the EEDF so that VUV radiation is suppressed while keeping a high plasma 

density. VUV has been found to cause unwanted etching of p-type silicon in chlorine 

containing plasmas, as most clearly observed when the ions bombarding the Si substrate 

have energy below the threshold for ion-assisted etching.
84
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CHAPTER 3 

EXPERIMENTAL SETUP 

3.1 Plasma source 

High density inductively coupled plasma (ICP) etchers meet the need for large-

area, high rate, single wafer etching required in the manufacturing of integrated circuits. 

In an ICP source, a coil (or multiple coils to control uniformity) outside the chamber are 

used for plasma generation. The coils can be planar placed on a dielectric window, or 

simply a cylindrical coil.
117,118

 Typically, inductive coupling of RF power (at typically 

0.5-28 MHz) can produce ion densities in excess of 10
12

 cm
-3

 even at sub-millitorr 

pressures.
117

 The stage on which wafers are placed can be biased either by direct current 

(dc) or in most of the commercial tools, capacitive coupling to a RF source. With such a 

configuration, ICP etchers allow separate control of ion flux and ion energy. In present 

study, a Faraday-shielded ICP source in conjunction with a vacuum processing chamber 

were implemented. dc bias can be applied either on the substrate where the silicon sample 

sits on or the stainless steel electrode (henceforth called the “boundary electrode”) which 

is in contact with the plasma.  

3.1.1 Inductively coupled plasma source for plasma characterization 

Fig. 3.1 shows a schematic of the experimental apparatus used for studies of ion 

energy distribution control. The inductively coupled plasma (ICP) was ignited by a 3-turn 
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spiral coil in a 17.8 cm long, 8.6 cm inside diameter alumina tube. A copper Faraday 

shield prevented capacitive coupling between the coil and the plasma. The discharge tube 

was connected to a cubical stainless steel (SS) chamber through an adaptor flange. A 

flow of water through channels in that flange cooled the Faraday shield and discharge 

tube. The system was pumped by a 300 l/s turbo pump backed by a dry pump. Pressure 

was measured by a MKS 629 (0.1 Torr full scale) capacitance manometer mounted 

downstream of the plasma. Little change (<5% increase) in this pressure was observed 

when the plasma was ignited. A calibration experiment, without plasma, showed that the 

pressure at the discharge region was about 30-40% higher than that measured at the 

position of the pressure gauge. Pressures reported in the following chapters below are all 

calibrated values and refer to the plasma region. 

A boundary electrode comprised the top of the plasma source (Fig. 3.1). dc 

voltage can be applied to the electrode to shift plasma potential (VP) and thus the ion 

energy. The boundary electrode had three coaxial cylindrical SS rings welded to the 

electrode to increase the total surface area to about 300 cm
2
, while minimizing sputtered 

metal from coating the chamber. During Langmuir probe measurements, when the probe 

was biased close to VP, a large grounded surface was then required to supply an adequate 

electron current, preventing an artificial increase of VP. (A reference electrode on the 

Langmuir probe corrects for such a shift in VP, up to a point.) Gas was fed into the 

discharge tube through a 1-mm diameter hole at the center of the boundary electrode. 

Plasmas were characterized by Langmuir probe and retarding field ion energy 

analyzer (RFEA) measurements. Diagnostic techniques used in the study will be 

discussed in section 3.3.     
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Figure 3.1     Schematic of the experimental system for plasma characterization. The retarding field energy 

analyzer (RFEA) could be replaced by a movable Langmuir probe (LP) to perform spatially 

resolved measurements.  

3.1.2 Modified ICP setup for photo-assisted etching study 

To conduct etching experiments, the plasma reactor was equipped with periscopes 

for optical emission diagnostics, and an infrared (IR) laser for etching rate and substrate 

temperature measurements by interferometry,
119-121

 as depicted in Fig. 3.2. A sample 

stage replaced the RFEA or movable Langmuir, and was positioned to be immersed in 

the plasma. 

The 5.08 cm diameter water-cooled stainless steel sample stage had a 2.64 cm 

diam. hole at the center, allowing either laser interferometry from the bottom side of the 

sample, as shown in Fig. 3.2, or the insertion of a 2.54 cm diameter stainless steel sample 

holder. Samples mounted on this holder could be transferred under vacuum to an 

ultrahigh vacuum chamber equipped with x-ray photoelectron spectroscopy (XPS). 
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Vacuum transfer of the sample holder to the XPS chamber allowed surface analysis on 

samples exposed to various plasma conditions and reactor materials. The sample holder 

temperature was controlled with a flow of water through a rod in contact with the bottom 

of the holder. 

                    

Figure 3.2  Schematic of the system used for plasma etching study. The Faraday-shielded inductively  

coupled plasma reactor was equipped with an IR laser interferometry setup for etching rate 

measurements, and optical emission diagnostics using a periscope. 

3.1.3 Tandem plasma system for control of electron energy distribution 

The schematic of a plasma reactor is shown in Fig. 3.3. It incorporates dual 

tandem plasma sources separated by a grid, in an effort to manipulate the electron energy 

distribution function and plasma density. The lower plasma source has been introduced in 

detail in previous sections. The upper tandem plasma (a helical resonator
4,117

) was ignited 

by a 11.5-turn coil in a 33 cm long, 7.94 cm inside diameter water-cooled Al2O3 tube 
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through a matching network. The rf tap point was ~ 1 turn of the coil from the grounded 

end. The two plasmas were powered separately, each using an ENI radio frequency (rf) 

power amplifier driven by a Hewlett-Packard 3325A function generator. Forward and 

reflected power for each source were monitored by in-line Bird meters. Both sources 

were equipped with copper Faraday shields to minimize capacitive coupling between the 

coil and the plasma.  

                   
Figure 3.3    Schematic of the dual tandem plasma source used for experimental work. The upper plasma (a 

helical resonator) is separated from the lower plasma (main ICP) by a grid. A biasable 

boundary electrode (BE) is located at the top of the upper plasma.  

 

The distinctive feature of this system is a stainless steel biasable electrode 

(boundary electrode, BE), located at the top of the upper plasma source. The boundary 

electrode could be biased up to ± 100 Vdc by a Kepco bipolar power supply. In the 
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experiments reported herein the boundary electrode was either grounded or biased by +60 

Vdc. The two plasma sources were separated by a biasable 9.53 cm-diameter woven 

tungsten grid, with 90% transparency and 2.4 mm holes. In the experiments reported in 

this work, the grid was grounded.  

The system was pumped by a 300 l/s turbomolecular pump backed by a dry pump. 

Pressure was measured by an MKS 629 (100 mTorr full scale) capacitance manometer 

mounted downstream of the lower plasma. The pressure drop between the two sources 

was too small to warrant any corrections to obtain the pressure of the upper plasma, i.e., 

both plasmas operated at the same pressure which was kept constant at 14 mTorr. The 

13.56 MHz power supplied to the lower plasma (main ICP) was pulsed at a frequency of 

10 kHz, with a duty cycle of 20%. This resulted in 20 μs plasma ON (activeglow) and 80 

μs plasma OFF (afterglow). The time-averaged power to the lower plasma was 100 W. 

The upper plasma was operated in a continuous wave (cw) mode with 500 W of 13.26 

MHz rf power. Argon gas at 80 sccm (standard cm
3
/min) was injected from the top flange 

of the upper plasma and was pumped out from the bottom of the lower plasma.   

A Langmuir probe (Scientific Systems Smartprobe) was used to measure ion and 

electron densities (ni and ne), ion current (I+), electron temperature (Te) and the EEDF in 

the lower plasma. Plasma parameters reported in this work were collected on the 

discharge axis (r=0) in the lower plasma, at an axial location z=210 mm (Fig. 3.3).    

3.2 Setup for continuous wave/pulsed plasma generation 

Continuous wave (cw) plasma power at 13.56 MHz was supplied using a function 

generator (model 3325A , Hewlett Packard) feeding a power amplifier (model A-500, 
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Electronic Navigation Industries). The output of the amplified power was connected to 

the coil via an L-type matching network. Forward and reflected power was monitored by 

in-line Bird meters placed before the matching network. For a typical cw 300 W Ar 

plasma at 14 mTorr, the reflected power was 1-2 W. The actual power dissipated in the 

plasma is somewhat lower than the net power delivered to the matching box due to power 

losses. 

The signal synchronization for pulsed plasma operation with synchronous dc bias 

during the plasma OFF cycle (also known as plasma afterglow), is illustrated in Fig. 3.4. 

A square waveform with a frequency of 10 kHz and a magnitude of ±5 V, generated by a 

function generator (BNC model 645, Berkeley Nucleonics Corporation), was used as a 

trigger signal. This waveform was supplied to a RF function generator (model 3325A, 

Hewlett Packard) to modulate a continuous 13.56 MHz waveform to obtain a pulsed RF 

signal. After amplification by a power amplifier (model A-500, Electronic Navigation 

Industries), the modulated RF signal was delivered to the coil in order to sustain an 

inductively-coupled plasma. The magnitude of the RF power to the coil was adjusted by 

tuning the output amplitude of the RF function generator. To provide synchronous bias, a 

low-voltage pulse (amplitude of 5 V), generated by a pulse/delay generator (BNC model 

505, Berkeley Nucleonics Corporation), was also triggered by the square-wave generator. 

By changing the delay time and pulse duration, this pulse was precisely set into a user-

defined time window in the power-OFF phase of a pulsed plasma. Such pulse signal was 

then supplied to a pulse amplifier (Avtech AVR-3-PS-P-UHF) with the identical pulse 

timing, that is, in the late afterglow of a pulsed plasma. Waveforms were monitored using 
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a four-channel oscilloscope (Tektronix model TDS 2024B). A typical pulsing condition is 

shown in Fig. 3.4. 

                       

 

Figure 3.4   Pulse setup used for control of ion energy distribution. 

3.3 Plasma diagnosis 

Various plasma diagnostic techniques have been used to characterize plasmas in 

this research. A Langmuir probe was used to measure spatial-resolved or time-resolved 

plasma parameters. A retarding field ion energy analyzer was built to obtain time-

averaged ion energy distributions at certain location inside the plasma. Optical emission 

spectroscopy (OES) was utilized to obtain relative etching rates of silicon by monitoring 

Si emission, which was mainly a result of relaxation of excited silicon from electron 

impact dissociation of the etch products (e.g., SiCl4, SiCl2, SiBr4.) Si emissions can be 

converted to absolute etching rate by measuring etch depth by infrared (IR) diode laser 

interferometry, and/or stylus profilometer.  

Moreover, silicon surface roughness and morphology was studied by a Veeco CP-

ii atmospheric pressure atomic force microscope (AFM) operating in contact mode using 

high resolution MSCT-AUNM silicon nitride probes (k=0.01-0.6 N/m, tip radius = 10 

nm). In-situ X-ray photoelectron spectroscopy was used to examine the elemental 
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composition on the sample surface. Etched cross-section profiles can be obtained by 

scanning electron microscopy (SEM). These diagnostic tools are widely-used in surface 

science; details of the techniques will not be discussed herein.    

3.3.1 Langmuir probe 

Langmuir probes (LP) are widely used to determine physical properties of plasma. 

A Langmuir probe is simply a wire inserted into plasma and current to the tip is measured 

as a function of applied dc voltage. The current vs. voltage (I-V curve) collected by probe 

is used to determine plasma parameters. 

A commercial Langmuir probe (Scientific Systems Smart Probe) was used to 

measure ion and electron densities (ni and ne), plasma potentials (VP), floating potentials, 

and electron energy probability functions (EEPF).
122,123

 The cylindrical W probe tip had 

a diameter of 0.19 mm and an exposed length of 4.0 mm. A compensation electrode and 

rf chokes minimized distortion of the I-V characteristic due to oscillations of the plasma 

potential. This was not an issue in the present system where, due to the Faraday shield, 

peak-to-peak plasma potential oscillations were only 1-2 volts. The probe was movable 

along the discharge tube axis to obtain spatially resolved measurements. Fast data 

acquisition electronics enabled averaging of 100s of I-V characteristics (at a given 

location and for given plasma conditions) to reduce noise.  The current-voltage (I-V) 

characteristics were interpreted using the software supplied by the manufacturer.  This 

analysis relies on Laframboise’s orbital motion-limited (OML) theory for a collisionless 

sheath.  When the Debye length does not exceed the cylindrical probe radius (rp), it has 

been shown
124

 that collisions can be ignored, and the OML theory applies, when 
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1 2/

i p P i/ r e V V / kT   ,                       (3.1) 

where i is the ion-neutral mean free path, V is the voltage on the probe, and Ti is the ion 

temperature.  For the probe used in the present study, rp = 0.095 mm.  At 10 mTorr Ar, i 

= 1.5 mm, hence the right hand side of Eq. (3.1) must be <16 to ignore collisions.  

Assuming Ti  0.1 eV, errors will be made when VP –V exceeds 25V.  VP is typically 15 

V, hence the ion current will be affected by collisions when the voltage on the probe is 

more negative than -10V.  Since positive ion densities were extracted from the ion 

saturation regime of the I-V characteristic by applying voltages in the range ~0 to -50V, 

the derived positive ion densities can be affected at pressures of ~10 mTorr and above. 

The measured ion current can be enhanced or suppressed due to collisions.
125

 The probe 

was also operated in an internally applicable “boxcar” mode in the probe system to 

measure time-resolved plasma characteristics during pulsed-plasma operation.
76,78

  

3.3.2 Retarding field energy analyzer (RFEA) 

A retarding field energy analyzer (RFEA) was constructed to measure the energy 

distributions of ions passing through a grid on the grounded stage.  The RFEA was made 

of a stack of three nickel grids and a stainless steel current collector plate (Fig. 3.5), 

spaced 3 mm apart. The top grid (50% open with square holes 18 m on a side) was 

attached to a grounded SS plate with a 0.3 mm pinhole in contact with the plasma. This 

grid prevented the plasma sheath from molding over the pinhole.
126

 The middle and 

bottom grids were each 85% open with square holes 293 m on a side.  The middle grid 

was biased with -30 V to repel electrons from the plasma, while the bottom grid was 

biased with a saw-tooth ramp voltage and served as an energy discriminator to measure 
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the ion energy distribution. A current amplifier (Keithley model 427) was used to 

measure the ion current on the collector plate. A 20 Hz ramp voltage was applied to the 

discriminator grid using a pulse generator and a power amplifier (Avtech AVR-3-PS-P-

UHF and AV-112AH-PS). The experiment was controlled through a LabVIEW (National 

Instruments) program. Noise was reduced by averaging 5000 I-V characteristics resulting 

in “smooth” IEDs. The RFEA was differentially pumped by a 210 l/s turbo pump to 

minimize ion-neutral collisions in the analyzer. The pressure in the analyzer was 

estimated to be two orders of magnitude lower than the pressure in the discharge tube, 

resulting in collisionless ion flow. The energy resolution of the RFEA was estimated 

using the formulas of Sakai and Katsumata
127

 to be ~ E/E= 2%.         

             

Figure 3.5    Detailed schematic of retarding field ion energy analyzer (RFEA). 

3.3.3 Optical emission spectroscopy 

Optical emission spectroscopy (OES) is a technique that records the intensity of 

light emitted by the plasma as a function of wavelength. Each atom or molecule has its 
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own characteristic spectrum due to transitions between different electronic states. Species 

excited to upper electronic states (mainly by electron impact) decay to lower energy 

states by emitting a photon corresponding to the difference in energy between the two 

states, E=hν, where E is photon energy, h is Planck’s constant and ν is frequency. The 

method provides at least qualitative information on species number densities and with 

further effort, can be made quantitative.  

In etching experiments, a sample stage replaced the Langmuir probe or RFEA. 

Etching of p-type Si (100) (B dopant density of 3×10
14

–3×10
15

/cm
3
) was monitored by 

time-resolved intensity measurements of the Si atomic emission line at 288.2 nm. A 

periscope was attached to the sample stage to channel plasma emission into a 

monochromator (Fig. 3.2). The periscope with two right angle quartz prisms collected 

plasma emission from a small distance above the sample. The light passed through a 

quartz window and then was focused with a fused silica lens onto the entrance slit of the 

monochromator (EU-700 series, Heath Co.), equipped with a GaAs photomultiplier tube 

(PMT). The current from the PMT was amplified and collected by a data acquisition 

computer program. The monochromator had 1200 grooves/mm and, with a slit width of 

100 μm, provided spectral resolution of 2.2 Å. The spectrometer (monochromator plus 

PMT) covered the wavelength range from 190 nm to 910 nm.  

Optical emission from atomic Si (288.2 nm) was used to obtain relative etching 

rates. The emission was time averaged but was only excited during the plasma ON 

(activeglow) fraction of the cycle. As long as the plasma conditions remained constant 

and only the ion energy was varied to change the etching rate, the Si optical emission 



40 

 

intensity was shown to be proportional to the etching rate. IR laser interferometry and 

step height measurements were used to calibrate the Si emission. 

3.3.4 Infrared (IR) diode laser interferometry 

To convert Si emission intensities into absolute etching rates, the etched depth 

was measured by infrared (IR) diode laser interferometry.
119-121

 As shown in Fig. 3.2, the 

1.31 µm laser was directed at the back of the sample. Si is transparent at this wavelength. 

Reflected light from the top and the bottom surface of the double-side polished Si sample 

were recorded continuously and a number of interference fringes were observed, 

corresponding to constructive and destructive interference caused by reflections off the 

top and bottom surfaces. After the plasma was ignited, the optical path length within the 

sample increases due to heating (mostly because the increase in refractive index and to a 

lesser extent to thermal expansion) and decreases as its thickness is reduced by etching. 

Initially, heating dominates, but as the temperature rise slows, the optical path length 

increases more slowly, stops (at fringe F1), and then begins to decrease due to etching. 

After additional time, the plasma was extinguished and the number of fringes (F2) was 

counted from when the optical path length first started to decrease until the sample cooled 

to a known final temperature (i.e., room temperature). The number of fringes caused only 

by etching was         . The thickness change due to etching (  ) was calculated 

from          , where  =3.5038 is the index of refraction of Si at the laser 

wavelength,  .
128

  

Thus, dividing the etched thickness by etch time, absolute etching rates of silicon 

can be obtained.  Relative emission intensities were normalized corresponding to absolute 
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etching rates with a unique proportionality constant. The optical emission data obtained 

by OES therefore provide absolute etching rates as a function of ion energy. The plasma 

excitation for emission is rely on electron density and energy distributions, which is not 

affected by the amount of etching in present studies (i.e., Ar emission is independent of 

bias voltage). Si emission is expected to be proportional to etching rate at any given 

pressure, but the comparisons between different pressures require corrections for the 

pressure-dependent effects of electron density and energy distributions on the Si optical 

emission intensity (not done in this study). 

3.4 Silicon sample preparation 

To maximize optical emission signals from Si etching products, a larger sample 

was used in many experiments. Si (100) p-type (B dopant density of 3×10
14

– 3×10
15

/cm
3
) 

wafers were cleaved into 5×5 cm
2
 pieces and bonded to an electrically isolated, donut-

shaped stainless steel disc on top of the grounded stage, using a silver-filled paste (Kurt J. 

Lesker Company, Pittsburgh, PA) for good thermal/electrical conduction. The Si sample 

covered the holder, minimizing sputtered contamination. The 500 µm thick substrates 

were polished on both sides, facilitating infrared (IR) laser interferometry measurements 

of etched thickness. The back side of the samples was scribed by a diamond tip to break 

native oxides and provide a good electrical contact. The current and hence ion flux to a 

sample was measured through an electrically isolated feedthrough. 

In most experiments, however, a smaller sample and holder were transferred 

between a load-lock chamber and the plasma reactor, allowing many experiments to be 

performed without venting the plasma chamber. Samples were cleaved into 1 × 2 cm 
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pieces, were then placed on 2.54 cm-diameter stainless steel sample puck, using double-

sided carbon tape to hold them in place and aid in thermal and electrical contact. Despite 

a ten-fold reduction in sample size used for these experiments, ample Si emission signals 

were obtained, allowing the relative etching rate to be measured and converted into 

absolute values through calibrations. In addition, experiments to separately determine the 

role of positive ions, light, and light plus ions were carried out with this transferable 

sample holder. 

To study etching of p-Si with very low ion energy, the initial surface condition of 

silicon becomes critical. In order to obtain precise absolute etching rates, it is crucial to 

remove native oxide (SiO2) and organic contaminants (e.g., carbon) on silicon surface. 

For experiments to obtain relative etching rates as a function of ion energy by OES, 

native oxide and carbon were initially removed by an Ar plasma breakthrough step with 

50 V boundary electrode bias. Si emission was monitored for the breakthrough (end point 

detection). To accurately obtain etched thickness by stylus profilometer measurements, 

the breakthrough step was replaced by a wet clean process. Silicon samples were rinsed 

in acetone, followed by isopropanol alchohol (IPA) to remove any organic-based 

contaminants and washed with deionized water afterwards. Samples were then dipped 

into HF solution for 5 min, and dried with N2. XPS analysis showed that sample surface 

contained ~15% O and C after wet clean. Such minor contaminants would not perturb 

absolute etching rates and OES measurements. However it cannot be tolerated for surface 

morphology study by AFM as the contaminants might not be easily removed upon 

exposure of the plasmas and thus served as micro-masking. For morphology study, 

samples were exposed to a UV-ozone process for 45 min to remove carbon and form a 
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thin oxide layer, HF wet clean was then able to remove the oxide. Before etching, XPS 

analysis showed that samples contained ~1% O and ~3% C on the surface after UV-

ozone + HF cleaning. Micro-masking was found greatly reduced after adopting this 

cleaning process.  
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CHAPTER 4 

CONTROL OF ION ENERGY DISTRIBUTIONS USING PULSED 

PLASMA  

4.1 A novel approach to obtain nearly mono-energetic IEDs  

The IED at the substrate is determined by the difference in potential between the 

plasma and the substrate, as well as ion collisions with the background neutral gas. In 

continuous wave plasmas, even when the sheath potential waveform is designed to yield 

a narrow IED, the ion energy spread is limited by the spatial variation of the plasma 

potential. This in turn is proportional to the electron temperature, Te.
4
 Thus, the energy of 

ions entering the sheath depends on where the ion was born, and the spread of the 

resulting IED should be of the order of Te. A way to further sharpen the IED is to extract 

ions from a plasma of very low Te. 

In this study, nearly mono-energetic IEDs were extracted by pulsed plasma with 

synchronous dc bias in the afterglow. Synchronization of the pulsing depicted in Fig. 4.1 

allows extraction of ions with desired mean energy and energy spread. Ions from late 

afterglow (cold plasma) are expected to have a narrow energy spread, since there are no 

collisions in the sheath and Te has decayed substantially, resulting in a uniform plasma 

potential. Pulsed dc bias was applied on to the boundary electrode which was in contact 

with the plasma. The pulsing of the bias and the rf power to the coil for plasma 

generation were out of phase. Consequently, the desired ion energy was set by the voltage 
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applied to the boundary electrode. In addition, the ion angular distribution (IAD) in the 

afterglow is expected to be small because of the cool down of Te. Under collisionless-

sheath conditions, the angular spread is given by              √
  

    
 , where     is 

sheath potential.  

          

Figure 4.1     Schematic of a pulsing scheme to obtain nearly mono-energetic ion energy distributions from 

a pulsed plasma with synchronous dc bias. 

 

Base case conditions for pulsed plasma experiments were 120 W time-average 

forward power, 8 W reflected power, 10 kHz power modulation frequency, 20% duty 

cycle, 14 mTorr pressure, and 40 sccm argon gas flow rate. The applied modulation 

frequency and duty cycle resulted in 20 μs plasma ON time and 80 μs plasma OFF 

(afterglow) time, during the 100 μs period of a pulse.  IEDs from continuous wave 

plasmas were also evaluated, and compared with those from pulsed plasmas.  
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4.2 Continuous wave plasmas 

 Fig. 4.2 shows ion and electron densities as a function of vertical position along 

the discharge tube axis, measured by the Langmuir probe (LP), for different pressures. 

Charge density reaches a maximum around the middle of the coil and increases with 

pressure. A maximum ion density of about 1.5×10
12

/cm
3
 is reached for a pressure of 50 

mTorr. The electron and ion density are nearly equal for pressures of 3, 7, and 14 mTorr.  

For 28 mTorr, and especially near the center at 50 mTorr, the electron density was lower 

than the corresponding ion density. This was attributed to the fact that as the probe was 

biased near VP, a large electron current was drawn out of the plasma. Apparently, the 

grounded surface of the boundary electrode in contact with the plasma was not high 

enough to compensate for the electron loss at these high densities. (The Langmuir probe 

has a reference electrode that senses this imposed shift in VP and corrects for it, but only 

up to the point that the maximum positive voltage on the probe is reached before the 

correct VP is observed.) Ion current will be affected by collisions when the voltage on the 

probe is more negative than −10 V in this study. Since positive ion densities were 

extracted from the ion saturation regime of the I–V characteristic by applying voltages in 

the range ∼0 to −50 V, the derived positive ion densities can be affected at pressures of 

∼10 mTorr and above. It appears in the current study that an enhancement in ion current 

would be expected, hence the somewhat higher ion densities relative to electron densities 

measured at 14 and 28mTorr (figure 4.2) could be due to collisions.  

VP and Te measured by the Langmuir probe at z=170 mm are shown in parenthesis 

next to the corresponding pressure. With the Langmuir probe removed, the RFEA was 

positioned at z = 170 mm. IEDs measured without any applied bias, for cw plasmas at 
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300 W power and pressures of 7 to 50 mTorr, were single peaked at energies nearly equal 

to VP, as measured with the Langmuir probe.   
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Figure 4.2    Ion (solid symbols) and electron (open symbols) density as a function of position and pressure 

measured by the Langmuir probe for cw plasmas at 300 W and 40 sccm. The plasma 

potential and the electron temperature measured by LP at 170 mm are shown in parenthesis.   

4.2.1 Effect of continuous dc bias on the boundary electrode 

 Fig. 4.3 shows IEDs for 14 mTorr, 300 W cw Ar plasmas for different values of 

dc bias, applied continuously to the boundary electrode.  The values of VP measured by 

the Langmuir probe at the location of the RFEA for each dc bias voltage are shown in Fig. 

4.3 by a vertical dashed line. The measured VP values are in excellent agreement with the 

peak energies of the IED. For positive values of the dc bias, VP is raised, shifting the IED 

to higher energies. For negative dc bias, there is an initial small drop in VP, but it 

saturates as the applied bias becomes more negative. When compared with measurements 
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without dc bias, the peak of the IED shifts by 3, 7, and 11 eV for applied dc bias of 4, 8, 

and 12 V, respectively. The 1 V difference between the applied bias and the peak ion 

energy is probably due to a slight gradient of VP.  When a negative dc bias is applied, the 

shift in the peak ion energy saturates at 4 V lower than without bias. The shift in VP with 

the application of a dc bias on the boundary electrode is readily understood.
47-49

 A 

positive bias drains electrons from the plasma raising VP so that all but the highest energy 

electrons remain confined in the plasma.  With the application of a small negative bias 

(less than a few Te) VP becomes less positive as electron current to the boundary electrode 

is partially cut off.  Larger negative bias on the boundary electrode cuts off all electron 

current but causes negligible change in the ion current, hardly affecting VP, assuming 

there is no perturbation of the plasma density or Te. 
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Figure 4.3      Normalized IEDs measured in cw plasmas (300 W, 14 mTorr, 40 sccm), for different dc bias 

voltages applied continuously to the boundary electrode. Plasma potentials (VP) measured at 

the same location by a Langmuir probe are shown by vertical dashed lines.   
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4.3 Pulsed Plasmas  

 To obtain nearly monoenergetic ion bombardment it is necessary to reduce the 

energy spread of ions entering the sheath, as well as maintain a constant sheath potential.  

Since rf oscillations of the plasma potential are eliminated by the Faraday shield, the 

spread in the energy of ions entering the sheath scales with Te.
129,130

 Hence, lowering Te 

should reduce the energy spread. Te can be lowered by modulating the plasma power 

(pulsed plasma). When a dc bias is applied to the boundary electrode under these 

conditions, ions can be accelerated to a desired energy with a narrow energy spread.  
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Figure 4.4   Time resolved electron temperatures measured by the LP in pulsed Ar plasmas generated at 10 

kHz power modulation with 20% duty cycle at different pressures, with 120 W time-average 

power and 40 sccm gas flow. Solid dots are data for a duty cycle of 50% at 14 mTorr. 
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Fig. 4.4 shows time resolved Langmuir probe measurements of electron 

temperature for different pressures. For a given pressure, the Te increases rapidly after the 

plasma is turned ON, overshoots and then reaches a steady-state value. The steady-state 

Te decreases with increasing pressure, as expected. After the plasma is turned OFF, Te 

decreases at a progressively slower rate longer into the afterglow. In addition, Te decays 

faster at lower pressure. In Ar plasmas, diffusion to the walls is the dominant cooling 

mechanism during the afterglow for electrons with energies below the lowest excited 

state (the 
3
P2 metastable state at 11.55 eV).

131,132
 Lower pressure results in faster 

diffusion rates, and therefore a faster decay of Te in the afterglow.  

4.3.1 Continuous dc bias on the boundary electrode 

 Fig. 4.5 shows IEDs under pulsed plasma conditions, when a dc bias was 

continuously applied to the boundary electrode. For each value of the dc bias, the IED 

has two peaks. The broader peaks at higher energy correspond to ions bombarding the 

substrate when the plasma is ON.  The shape and energy of these peaks are nearly 

identical to those observed in the cw plasma (Fig. 4.3). The sharper peaks at lower energy 

correspond to ions bombarding the substrate during the afterglow. The mean energy of 

these peaks corresponds to the applied dc bias. In the afterglow, VP reaches a very low 

value in the absence of dc bias. When a positive dc bias is applied, the plasma potential is 

approximately equal to the dc bias.
58,133

 The width of the IED is much smaller in the 

afterglow because of the rapid quenching of electron energy (i.e., lower Te). Similar 

results were reported by Xu et al. who obtained a nearly monoenergetic IED by applying 

a dc bias in the afterglow of a pulsed capacitively-coupled plasma.
58

  



51 

 

               

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
0

1

2

3

4

4eV 4eV

N
o

rm
a

liz
e

d
 I
E

D

 

 

4eV 4eV

Energy (eV)

 +4V

 +8V

 +12V

 Ground

 -4V

 -8V

 

Figure 4.5    Normalized IEDs under pulsed plasma conditions with a dc bias applied continuously on the 

boundary electrode. Other conditions: 120 W average forward power (8 W reflected), 10 kHz 

plasma power modulation frequency at 20% of duty cycle, 14 mTorr, 40 sccm.   

4.3.2 Synchronous (pulsed) dc bias on the boundary electrode 

 While the above approach creates a narrow and tunable IED, it also leaves a broad 

and not well-controlled population of ions that enter the sheath during the plasma-ON 

portion of the cycle.  One can reduce the energy of these ions below the threshold for 

most ion-assisted surface reactions by turning off the dc bias voltage during the plasma-

ON periods. In the remainder of this chapter, results are reported from such pulsed 

plasma operation with a synchronous (pulsed) positive dc bias applied to the boundary 

electrode at specified times during the afterglow. 
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4.3.2.1 Effect of Pressure 

 The IEDs measured by applying a synchronous bias of +24.4 Vdc in the afterglow, 

during the time window tb = 45-95 s, for different values of pressure are shown in Fig. 

4.6. The insert in the figure is a timing diagram showing a pulsed period with respect to 

the on and off times for the plasma. The sharp peaks at ~22-23 V correspond to the dc 

bias, while the broader peaks at lower energy arise from the plasma ON portion of the 

cycle. The broader peaks shift to lower energy as pressure increases, due to a concomitant 

decrease in Te (Fig. 4.2) and hence VP.  

              

Figure 4.6     IEDs for different pressures under pulsed plasma conditions with a synchronous +24.4 V bias 

applied on the boundary electrode in the afterglow, over the time window,tb = 45-95 s. 

The insert is a timing diagram showing a pulsed period for the plasma. 
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 The most important aspect of the two-peaked IEDs shown in Fig. 4.6 is that the 

spacing between a broad peak and the corresponding sharp peak can be varied by varying 

the dc bias and reactor pressure. Such control is critical for achieving very high 

selectivity of etching a film relative to the underlying substrate. The pressure can be 

chosen so that the low energy peak produces no etching. The dc bias can be chosen such 

that the high energy peak lies between the thresholds of etching the film and etching the 

substrate, assuming there is sufficient separation between these two thresholds. The 

fraction of ions under each peak can also be optimized by varying the duty cycle of the 

pulsed plasma and/or the length of time in the afterglow during which the dc bias is 

applied, as discussed next. 

4.3.2.2 Effect of bias timing in the afterglow   

 IEDs in the afterglow were also measured with a synchronous dc bias (+24.4 V) 

applied to the boundary electrode for different start times (tb) and time windows (∆tb). 

The pulsed plasma was generated with 120 W average power, at 10 kHz and 20% duty 

cycle, 14 mTorr, and 40 sccm Ar flow rate. IEDs with the dc bias applied in the early 

afterglow and late afterglow are shown in Figs. 4.7(a) and 4.7(b), respectively. In Fig. 

4.7(a) biasing starts at progressively later times in the afterglow and ends 60 s into the 

pulse (or 40 s into the afterglow), thus ∆tb varies from 18 to 38 s. As in Fig. 4.6, the 

higher energy peaks correspond to the applied bias, whereas the lower energy peaks 

correspond to VP without bias. When biasing starts at tb = 22 s (only 2 s after plasma 

turn OFF) Te is still high (Fig. 4.4) resulting in a broader width of the respective high 

energy peak. As tb is delayed further into the afterglow, Te decreases and so does the 
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width of the higher energy peaks of the IED. In Fig. 4.7(b) biasing starts deep into the 

afterglow when Te changes little with time (Fig. 4.4). Therefore, the width of the IED is 

hardly affected by the biasing starting time tb. In both Figs. 4.7(a) and 4.7(b), the 

collected ion current is larger as ∆tb increases. 
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Figure 4.7   IEDs by applying a synchronous +24.4 Vdc bias on the boundary electrode during the 

afterglow of a pulsed plasma for different bias starting times tb and bias time windows, ∆tb. 

Other conditions: 120 W average power, 20% duty cycle, 10 kHz modulation frequency. 
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    In Fig. 4.8 tb was varied while keeping a constant ∆tb of 50 µs or 15 µs. The 

average power into the pulsed plasma was 120W. 
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Figure 4.8   IEDs by applying a synchronous +24.4 Vdc bias on the boundary electrode during the 

afterglow of a pulsed plasma for different bias starting times tb but for the same bias time 

window, ∆tb.  
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 When the biasing window is long (50 µs) compared to the Te decay time (~ 10 µs), 

the biasing starting time hardly affects the ion energy distribution (Fig. 4.8a). This is 

because the average Te over these bias windows are low and roughly equal. When ∆tb is 

short (15 µs), however, a biasing starting time in the early afterglow (tb = 20 µs) results in 

a broad IED peak (Fig. 4.8b). The width of the IED diminishes progressively, as tb is 

shifted to later times in the afterglow. Again, the width of the IED correlates with Te 

during the corresponding biasing window.  

Further experiments were conducted varying the plasma power modulation 

frequency (5, 7.5, and 10 kHz) while keeping a constant ∆tb = 50μs (Fig. 4.9). The pulsed 

plasma was generated at 14 mTorr Ar pressure with a 20% duty cycle, and an average 

power of 120 W. As the modulation frequency decreases (keeping the same duty cycle), 

the duration of both the active glow and the afterglow increase. In this case, tb was 145 μs, 

75 μs, and 45 μs for modulation frequency of 5 kHz, 7.5 kHz and 10 kHz, respectively. 

For all three modulation frequencies, the low energy peaks are nearly identical because 

the duration of the active glow is long compared to the decay time for Te and therefore VP. 

On the other hand, the higher energy peak becomes narrower and smaller as the 

modulation frequency decreases because the plasma decays for a longer period at a lower 

modulation frequency, resulting in a lower Te and ni The narrowing of the FWHM of the 

peak with decreasing modulation frequency is more clearly shown by the normalized 

curves of Fig. 4.9(b). 



57 

 

                  

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
0.00

0.01

0.02

0.03

0.04

0.05

(a)

t
bias

 = 50 s

 I
E

D  

 

Energy (eV)

 5kHz

 7.5kHz

 10kHz

 

                     

18 19 20 21 22 23 24 25 26 27 28
0.0

0.2

0.4

0.6

0.8

1.0

1.2

(b)

 

N
o
rm

a
liz

e
d
 I

E
D

 

Energy (eV)

 5kHz 

 (FWHM=1.45eV)

 7.5kHz 

 (FWHM=1.63eV)

 10kHz 

 (FWHM=1.88eV)

 

Figure 4.9 (a)  IEDs by applying a synchronous +24.4 Vdc bias during the afterglow of a pulsed plasma 

for different plasma modulation frequencies. (b) Normalized ion energy distributions with 

FWHM of 1.45 eV, 1.63 eV and 1.88 eV, respectively, at 5 kHz, 7.5 kHz, and 10 kHz. 

 

IEDs for 14 mTorr Ar pulsed plasmas at two different duty cycles (20 and 50%) 

are shown in Fig. 4.10. A synchronous dc bias of +24.4 V was applied from 70 to 98 µs 
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in the afterglow. The average power was 120 W and 280 W for 20% and 50% duty cycle, 

respectively at 10 kHz modulation frequency. The area under the peaks is higher for the 

longer duty cycle. The higher energy peak has a smaller width for 20% duty cycle since 

the plasma decays for longer time resulting in a lower Te and VP. Unlike the 20% duty 

cycle case, Te is still considerably high during the application of bias for the 50% duty 

cycle, as shown in Fig. 4.4, resulting in a residual VP that is as high as 3.7 V, compared to 

only 1.9 V for the 20% duty cycle. This difference in the residual VP explains the 

different widths of the respective IEDs in Fig. 4.10. 
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Figure 4.10 IEDs by applying a synchronous +24.4 Vdc bias on the boundary electrode during the 

afterglow ∆tb=70 to 98 µs) of a pulsed plasma for different duty cycles.  

 

 The area under the peak of the IED is proportional to the ion charge collected 

during the biasing window. This charge was estimated using the Bohm flux of ions 
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Jo=ensuB, where ns is the ion density at the sheath edge and uB is the Bohm velocity and 

the known biasing times. Using the measured ion density nb (ns=0.6 nb) and electron 

temperature averaged over the duration of the bias, the estimated ion charge was indeed 

found to be proportional to the area under the respective peaks of Figs. 4.7-4.10.  

4.3.2.3 Energy spread of the IED 

 The full width at half maximum (FWHM) of the peaks corresponding to the 

applied dc bias increases with pressure from 1.7 eV at 7 mTorr to 2.5 eV at 50 mTorr. 

These peaks are much tighter than those of the ions from the active glow with no bias, 

though still broader than the energy resolution of the RFEA. The latter was estimated to 

be E/E ~2%,
127

 or a FWHM of 0.5 eV for E = 25 V. Collisions in the differentially 

pumped RFEA can be ignored, since the local pressure was about two orders of 

magnitude lower that the discharge pressure, making the ion mean free path (~15 cm 

corresponding to the highest plasma pressure used) much longer than the analyzer length 

of ~ 1 cm. 

 Some ion-neutral collisions do occur in the sheath.  These could contribute to the 

“tail” of the IED to the left of the peaks at higher pressures, but are not expected to be the 

major cause of the observed widths of 1.7 to 2.5 eV in the afterglow. For instance, the ion 

mean free path at 14 mTorr is about i=0.2 cm which is a factor of 10 larger than the 

sheath width (s~200 µm, estimated from the Child law
4
). This results in an ion collision 

probability 1c iP exp( s / )   of ~10%.  Note that the plasma density increases strongly 

with pressure, causing the sheath width to decrease, counteracting the decrease in mean 

free path with pressure. Ion-neutral collisions in the presheath can contribute significantly 
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to the spread of the IED. Depending on the ion collisionality, the FWHM of the IED can 

be several Te (see Fig. 4 of Ref. 129).   
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Figure 4.11  Langmuir probe I-V curves during the afterglow of a pulsed plasma. A dc bias pulse was 

applied synchronously, starting at 30 μs and ending at 58 μs (a), or starting at 70 μs and 

ending at 98 μs (b).  

 



61 

 

Transient perturbations caused by the application and cessation of a dc bias pulse 

during the afterglow may also be contributing to the broadening of the IED.  Fig. 4.11 

shows time-dependent Langmuir probe I-V characteristics recorded during the afterglow 

period for two different dc biasing starting times, 30 µs (Fig. 4.11a) and 70 µs (Fig. 

4.11b).  Regardless of the biasing starting time, there is a ~10 s period during which the 

shape of the I-V curve transitions from one with a well defined VP at low potential to one 

with a similar shape but shifted by ~21 V, corresponding to the VP with the dc bias ON.  

During the transition, the plasma seems to be undergoing a complex adjustment, that can 

even give rise to instabilities (note the oscillations in the current at 4-6 s after the 

application of the dc bias pulse).  Similar effects occur when the bias pulse extinguishes.  

During these periods there is rapid expansion and contraction of the sheath above the 

RFEA as well as transient charging and discharging of the insulating alumina tube that 

contains the plasma. Therefore ions crossing the sheath above the RFEA during these 

periods will experience transients in VP which could contribute to the observed small 

amount of broadening of the IEDs. 

In summary, a retarding field energy analyzer was employed to study ion energy 

distributions on a grounded substrate in contact with a Faraday-shielded argon 

inductively coupled plasma (ICP). A movable Langmuir probe (LP) was used to measure 

space- and time-resolved plasma parameters (electron and ion density, electron 

temperature, plasma potential) along the axis of the discharge tube. Both continuous 

wave (cw) and power modulated (pulsed) plasmas were investigated. For a cw plasma 

without any bias voltage applied, the IED exhibited a single broad peak at VP. The 
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single-peaked IED shifted to higher energies by the application of a continuous positive 

dc bias on a “boundary electrode” in contact with the plasma.  

 The application of a dc bias on the boundary electrode under pulsed plasma 

conditions resulted in a double-peaked IED. One relatively broad peak corresponded to 

ions bombarding the substrate during the plasma ON phase of the cycle, while the second 

sharper peak corresponded to the applied dc bias voltage. By employing a pulsed plasma 

and a (pulsed) synchronous dc bias on the boundary electrode during the afterglow, the 

energies of the two peaks, as well as the separation between the peaks, could be precisely 

controlled.  

Nearly mono-energetic IED can be obtained in the late afterglow of an argon 

plasma. This is important for practical etching processes which require very high 

selectivity and low physical damage of material.  
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CHAPTER 5  

ION ENERGY DISTRIBUTIONS, ELECTRON TEMPERATURES AND 

ELECTRON DENSITIES IN ARGON, KYPTON AND XENON PULSED 

DISCHARGES   

5.1 Expansion of IED study  

As feature sizes shrink to the nm scale, narrow IEDs are necessary for minimum 

damage and high selectivity. The latter may be achieved by using a nearly monoenergetic 

IED, with the ion energy held between the threshold for etching one material vs. another. 

For example, atomic layer etching of Si may be achieved with an ion energy between the 

thresholds for chemical sputtering (~15 eV for Si with a chemisorbed Cl layer) and 

physical sputtering (~40 eV for a clean surface).
56

 The ion-assisted etching threshold in 

their study was consistent with the 16 eV value reported by Chang et al.
6
 using Ar

+
 ions 

and Cl/Cl2 in a beam system. Chang et al.
6
 found the extrapolated threshold energy was 

approximately 50 eV for physical sputtering silicon with Ar
+
, which agreed with Tachi 

and Okudaira’s work.
7
 

Attainment of a narrow IED using a pulsed Ar plasma and synchronous dc bias on 

a “boundary electrode,” during a specified time window in the afterglow, was elaborated 

in chapter 4.
65

  Factors affecting the width of the distribution were discussed. In this 

chapter, the effect of different noble gases (Kr and Xe, in addition to Ar) on the width of 
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the IED was investigated. In addition, a method of maintaining an almost constant plasma 

density during the afterglow is presented. 

Pulsed plasmas of Ar, Kr or Xe gas (high purity, 99.999%) were operated at a 

chamber pressure of 14 mTorr and a gas flow rate of 40 sccm. The Langmuir probe and 

retarding field ion energy analyzer were employed for plasma parameters and IED 

measurements. Models were constructed to predict electron temperature (Te) and plasma 

densities (ne, ni), and compared with experimental results.  

5.2 Modeling 

5.2.1 Spatially-average (global) model 

 The time dependent electron temperature in the afterglow of a pulsed 

electropositive discharge was predicted based on a spatially-average (global) model
4,76

  of 

a cylindrical plasma with radius R and length L. This model assumes a uniform plasma 

density (and electron temperature) in the bulk, dropping off sharply at the sheath edge.  

The time-dependent Te was obtained from
72

:  
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  )      ,                          (5.1) 

where υiz =Kizng is the ionization frequency (Kiz is the ionization reaction rate coefficient 

and ng is the neutral gas density), Pabs is the absorbed power, Vs is the sheath potential, c 

is the collisional energy loss per electron-ion pair created in the discharge, and υloss 

=vB/Leff is the charged particle loss frequency (vB is the Bohm velocity and Leff is the 

plasma characteristic length),   
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.             (5.2) 

Here V is plasma volume and hL (hR) is the ratio of plasma density at the axial (radial) 

sheath edge to that in the bulk plasma. In the afterglow, Pabs is zero and, since υiz depends 

exponentially on Te, the second term on the right hand side of Eq. 5.1 can be neglected as 

Te  plummets a very short time into the afterglow.  The equation for the time-dependent Te 

can then be simplified as,    
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which can be solved analytically to yield the time-dependent decay of Te(t) in the afterglow,  
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where Te0 is the known (measured) temperature at the end of the active glow (i.e., 

beginning of the afterglow(t=0)) and    (
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 ≈ 2 for Ar, Kr, 

Xe, eq. 5.4 can be simplified as: 

         [      ]
   .                                                               (5.5) 

5.2.2 Spatially resolved fluid model    

The Ar plasma density evolution in the afterglow was simulated using a simple 

two-dimensional diffusion model at the same conditions as in the experiment. The 

continuity equation for plasma density is given by 

   

  
          ,                              (5.6) 
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where Da=Di(1+Te/Ti)

 

is the ambipolar diffusivity, and Di is the ion diffusivity. 

Electroneutrality (ni = ne = n) was assumed. Reactions producing electrons are quenched 

very early in the afterglow, therefore, there is no source term in eq. 5.4.  The boundary 

conditions were Г = 0 on the symmetry axis/plane, where Г is the species flux, and n ≈ 0 

on the walls. The initial density profile was taken to be a cosine distribution in the axial 

direction and a Bessel function in the radial direction.  The plasma density was computed 

during the afterglow as a function of time and position. 

5.3 Time evolution of electron temperature 

 Time resolved electron temperatures measured with the Langmuir probe are 

presented in Fig. 5.1. The application of power began at ~5 µs and ended at 25 µs.  Te in 

the quasi-steady state active glow is ordered as Te (Ar) > Te (Kr) > Te (Xe). This is 

because the ionization potential is largest in argon (most difficult to ionize), while the 

electron diffusivity is smallest in Xe (smallest wall losses). However, the Te hierarchy 

reverses a short time into the afterglow: Te (Ar) < Te (Kr) < Te (Xe).  During the afterglow, 

electron-impact reactions having an appreciable threshold are rapidly quenched, and 

volumetric losses of electron energy are negligible compared to the loss of electrons by 

diffusion to the walls. Electrons in the tail of the EEPF are lost first, cooling the 

distribution.
131,132

 The electron diffusivity is highest for Ar and lowest for Xe, resulting in 

the observed hierarchy of electron temperatures.  
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Figure 5.1   Time resolved Te measured by a Langmuir probe at the location of the RFEA in pulsed 

plasmas with different noble gases. Pressure and time-averaged power were the same for all 

cases . No dc bias was applied. The solid lines are global model predictions.  

 

 This is also borne out by the global model of the discharge described above. The 

time evolution of the electron temperature in the afterglow of Ar, Kr and Xe plasmas was 

predicted by solving eq. 5.5. The pressure was 14 mTorr and the gas temperature was 

taken to be 600 K. The reactor dimensions were L =7 cm and R =4.3 cm. The ion-neutral 

collision cross-sections for Kr and Xe (σKr=15.7×10
-15

cm
2
 and σXe=19.2×10

-15
cm

2
) were 

taken from Ref. 134. For Ar, the average value (σAr=10.2×10
-15

cm
2
) from Ref. 

4
 and Ref. 

134
 was used. Eq. 5.2 then yields Leff =6.84 cm for Ar, 7.64 cm for Kr, and 8.37 cm for Xe 

plasma. Using the Te measured at the end of the active glow as starting values, the 

predictions of the global model (Fig. 5.1 solid lines) capture the measured evolution of 

electron temperature in the afterglow very well.  
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5.4 Time evolution of electron and ion density 

Measured time-resolved electron and ion densities are presented in Fig. 5.2. 

Power was switched on at ~5 µs and off at 25 µs.      
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Figure 5.2     Time resolved ni (a) and ne (b) measured by a Langmuir probe at the location of the RFEA in 

pulsed plasmas with different gases. The pressure was 14 mTorr and the time averaged 

power was 110 W. 
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Contrary to expectations, there is at most only a slight decay of either ne or ni in 

the 80 µs afterglow.  This was attributed to transport of electrons from the higher density 

central region of the plasma to the edge region, balancing the loss of plasma due to 

diffusion from the edge. Previous measurements in continuous wave (cw) plasmas, under 

otherwise the same conditions, showed four times higher plasma density at the center of 

the plasma compared to the edge, implying a strong density gradient.    

The 2-D diffusion model described above was used to predict the time evolution 

of plasma density in the afterglow. The predicted density evolution at the location of the 

Langmuir probe is shown in Fig. 5.3, along with experimental data. The agreement 

between the model predictions and the experimental data is very good, considering the 

uncertainty in the data, especially late in the afterglow. This confirms that the nearly 

constant density is due to diffusion from the high charge density central part of the 

plasma, compensating the losses of plasma from the edge, where measurements were 

taken.  The plasma density was predicted to decay rather rapidly at the center of the 

reactor (60 mm above of Langmuir probe position). At that location, the density dropped 

from 4×10
11

cm
-3

 to 1×10
11

cm
-3

 during the 80 µs duration of the afterglow. Subramonium 

and Kushner
79

 showed similar simulation results in the GEC reference cell. The plasma 

density decayed much slower in the plasma edge region compared to that at the center of 

the plasma. Maintaining a nearly constant plasma density, even in a relatively long 

afterglow window (80 µs in the present case) can be advantageous for advanced etching 

processes using pulsed plasmas.    
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Figure 5.3    Time resolved ni and ne for pulsed Ar plasma at 14 mTorr and 110 W during the afterglow. 

Experimental data are from Fig. 5.2. Solid line is the prediction of a 2-D fluid simulation of 

the afterglow. 

5.5 Ion Energy Distributions (IEDs) in Ar, Kr, Xe discharges 

Fig. 5.4(a) shows the IED for each of the three gases.  The broad lower-energy 

peak is due to ions during the active glow and portions of the afterglow when no bias is 

applied. The narrow higher-energy peak corresponds to ions extracted during the 50 µs of 

boundary electrode biasing in the afterglow
65,66

. The maximum value of the broad peak is 

a measure of the active glow plasma potential (~7 V, 10 V and 13 V for Xe, Kr and Ar, 

respectively, in Fig. 5.4(a)). The area under the peak is proportional to the ion flux and, 

for comparable electron temperatures, ion density. Therefore, plasma density was ordered 
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as Xe >Kr >Ar. This can be explained by the faster ionization rate and slower diffusion 

rate for Xe vs. Kr vs. Ar. 
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Figure 5.4   (a) IEDs measured in pulsed Ar, Kr or Xe plasmas with synchronous boundary electrode bias 

of  +23.2 Vdc from 25 µs to 75 µs after the start of the afterglow. (b) Qualitative IEDs 

showing broadening mechanisms in pulsed plasmas.  

 

Fig. 5.4(a) shows that the full width at half maximum (FWHM) of the narrow 

peaks are 1.6, 2.4, and 3.0 eV for Ar, Kr and Xe, respectively.  Several factors contribute 

(b) 
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to the IEDs of the different noble gases. The width of the IED at the sheath edge scales 

with Te
45,130

, due to collisions in the pre-sheath. Hence, higher Te will yield a wider IED, 

as shown in Fig. 5.4(a). Te in the afterglow is highest for Xe and lowest for Ar plasmas 

(see above), consistent with the ordering of the IED widths. After being accelerated in a 

collisionless sheath, the IED is shifted by the sheath potential (Vs) maintaining the 

original FWHM. (The sheath is essentially collisionless since the ion mean free path for 

Ar at 14 mTorr and 600 K is 7 mm, much longer than the sheath thickness of ~0.2 mm, 

estimated using the Child law.) Vs decreases somewhat during the biasing period in the 

afterglow because of a decrease in the plasma potential. Fig. 5.4(b) shows qualitative 

IEDs at the beginning and the end of the biasing window. The IED shifts to lower 

energies and becomes sharper with time. The measured IED in the afterglow is therefore 

a time-averaged distribution during the bias pulse, with a width comparable to the 

difference, ΔVp, between plasma potentials at the beginning and end of biasing. ΔVp = 

Vp_i - Vp_f.  ΔVp = 2.6, 2.2, and 1.8 V for Xe, Kr and Ar, respectively, consistent with the 

ordering of the IED widths.  Therefore, the combination of changes in Te and Vp explain 

the magnitudes and ordering of the IED widths during biasing in the afterglow period. 

The areas under the curves of the high energy and low energy peaks of the IEDs 

in Fig. 5.4(a) correspond to ion currents during the application of dc bias in the afterglow, 

and the remainder of the cycle (active glow plus afterglow without bias), respectively. 

Knowing the total open area (i.e., filtering ratio) of the RFEA grids, one can estimate ion 

densities from the measured currents and the electron temperature provided by Langmuir 

probe measurements. The ion densities calculated from the IEDs during the afterglow 

with bias, ni_IED, were 1.9, 5.8, and 9.0 × 10
11

 /cm
3
 for Ar, Kr, and Xe, respectively. 
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These are about twice the ion densities measured by the Langmuir probe under the same 

conditions. ni_LP was 1.0, 3.0, and 5.0 × 10
11

 /cm
3
 for Ar, Kr, and Xe, respectively. 

Considering the errors associated with measuring absolute ion densities with a Langmuir 

probe, and the uncertainty of estimating the open area of the analyzer grids, the 

discrepancy seems reasonable. During the remainder of the cycle, ni_LP was found to be 

0.75, 2.5 and 4.5 × 10
11

 /cm
3
 whereas ni_IED =1.6, 1.9 and 1.2 × 10

11
 /cm

3
 for Ar, Kr, and 

Xe, respectively. The larger difference between the current densities estimated by the two 

methods for the period of no applied dc bias was attributed mainly to a fall-off in the 

detection efficiency of the RFEA for low energy ions. They can be increasingly lost at the 

second grid (negatively biased to repel electrons), and/or not collected because the wider 

angular spread of low energy ions prevents some of them from passing through the 0.3 

mm diam., 0.5 mm thick input aperture on the front of the RFEA. The increasing 

discrepancy between ni_IED and ni_LP is consistent with the shift of the active glow IED to 

lower energy for Xe vs. Kr vs. Ar. 

 In summary, ion energy distributions (IED) were measured near the edge of 

pulsed inductively-coupled plasmas in Ar, Kr or Xe gas, while applying a synchronous dc 

bias, on a boundary electrode, during a specified time window in the afterglow.  The IED 

in Ar was narrower than that in Kr, which in turn was narrower than the IED for Xe. This 

ordering was explained by the time-dependent behavior of the electron temperature and 

plasma potential for the three gases.  

The measured electron temperature decay in the afterglow was accurately 

predicted by a global model. The plasma density was nearly constant, even over a long 

afterglow duration of 80 s. This was attributed to transport of electrons from the higher 
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density central region of the plasma to the edge region, balancing the loss rate of plasma 

due to diffusion. A simple 2-D ambipolar diffusion model was successful in predicting 

this trend. Maintaining this nearly constant plasma density during the afterglow will be 

beneficial in processes employing pulsed plasmas.   
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CHAPTER 6 

PHOTO-ASSISTED ETCHING OF SILICON IN CHLORINE/ARGON 

PLASMAS 

We report a new, important phenomenon: photo-assisted etching of p-type Si in 

chlorine-containing plasmas.
84

  This mechanism was discovered in mostly Ar plasmas 

with a few percent added Cl2, but was also found in pure Cl2 plasmas. Nearly 

monoenergetic ion energy distributions (IEDs) were obtained by applying a synchronous 

dc bias on a “boundary electrode” during the afterglow of a pulsed, inductively-coupled, 

Faraday-shielded plasma. Such precisely controlled IEDs allowed the study of silicon 

etching as a function of ion energy, at near-threshold energies. Surprisingly, a substantial 

etching rate was observed, independent of ion energy, when the ion energy was below the 

ion-assisted etching threshold (~16 eV), identified conclusively as photo-assisted etching.  

6.1 Etching of p-Si with desired ions 

As reported previously and reproduced in Fig. 6.1, the energy distribution of ions 

bombarding the substrate was controlled by changing pressure and by applying a 

synchronous direct current (dc) bias voltage to a boundary electrode during part of the 

afterglow.
65

 The Faraday shield on the ICP reactor prevented capacitive coupling, and 

therefore allowed (with no bias applied) the highest energy ions to be kept below the 
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reported threshold of 16 eV,
6
 especially at higher pressures. When the plasma was OFF, a 

narrow (FWHM < 2eV) IED could be obtained due to the drastically lower electron 

temperature. The energy of the sharp IED could be controlled by varying the dc bias on 

the boundary electrode or the sample.
65,66

 During the late afterglow, especially with 

addition of chlorine, the plasma potential was very low (close to 0V) and the boundary 

electrode potential was approximately equal to the plasma potential. Hence, ion assisted 

etching, with a well-defined ion energy, should be confined to the afterglow, and then 

only during application of dc bias.  

          

Figure 6.1    Ion energy distributions (IED) generated by applying a synchronous dc bias on a boundary 

electrode during the afterglow of a pulsed argon plasma. The IED can be controlled by the 

gas pressure to have no ions with energy higher than the etching threshold (16 eV).  

The current and hence ion flux to a sample was measured through an electrically 

isolated feedthrough. Fig. 6.2 shows a typical time-resolved current recorded by 

measuring the voltage drop across an 11.1 Ω resistor in series with the sample. During the 

active glow (t=0-20 s), the current fluctuated around zero, as expected. After the plasma 
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is turned off, charge redistribution on the walls of the plasma reactor resulted in a slightly 

negative current flowing through the substrate. When a +20 Vdc bias was applied on the 

boundary electrode (at t=70 s), the plasma potential was raised, blocking essentially all 

electron current to the substrate, to yield a positive current of ions bombarding the sample.  
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Figure 6.2      Measured current to the substrate during the application of synchronous bias on the boundary 

electrode in the afterglow of a pulsed Ar ICP. A +20 Vdc bias was applied to the boundary 

electrode 50 µs into the afterglow, i.e., at t=70 µs until t=98 µs. 

6.2 Ion-assisted etching rates, thresholds, and yields  

A 5 × 5 cm
2
 piece of p-type Si was placed in the reactor depicted in Fig. 3.2, a 

pulsed Ar plasma (10 kHz, 20% duty cycle, 100-110 W average power) with a small 

addition (1%) of Cl2 was ignited, and emission nearby the surface was collected by the 

periscope and analyzed with the monochromator. Optical emission spectra were similar 

to those reported by others during etching of Si in a chlorine plasma,
135-137

 except for less 
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emission from Cl and Cl2 for the present Cl2–dilute conditions. Si emission lines were 

identified between 2507 Å and 2882 Å. The strongest 2882 Å line was used to monitor Si 

removal by etching. The SiCl bands also appeared at 2807 Å and 2824 Å and behaved 

similarly to the Si emission as a function of plasma conditions. Other Si etching products 

that give rise to SiCl2 and SiCl3 emission bands around 3300 Å and 3850 Å, respectively, 

also showed behavior similar to the Si signal.  

The Si emission at 2882 Å was recorded at several pressures as the synchronous 

dc bias on the boundary electrode, applied late in the afterglow (t=70 µs-98 µs), was 

varied. The sample was cleaned by Ar sputtering before each run and a number of points 

were collected at random bias to minimize systematic errors. Relative Si emission 

intensities are plotted as a function of the square root of ion energy, E (= afterglow bias 

voltage), in Fig. 6.3.  Absolute etching rates were measured by laser interferometry at 50 

mTorr and three bias voltages (hollow triangle symbols).  The relative Si emission 

intensities at 50 mTorr were normalized with a single constant to match these 

measurements. The agreement between relative emission intensities and etching rates 

shows that the emission measurements provide etching rates as a function of ion energy 

at 50 mTorr.  It should be noted that Si emission is expected to be proportional to etching 

rate at any given pressure, but the comparisons between different pressures require 

corrections for the pressure-dependent effects of electron density and energy distributions 

on the Si optical emission intensity (not done here). 
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Figure 6.3    Relative etching rates (i.e., intensities of Si 2882 Å emission) at different pressures (left axis), 

and absolute etching rate at 50mTorr (hollow triangles, right axis), as a function of E
1/2

 

(E=ion energy) in a 1% Cl2/99% Ar plasma pulsed at 10 kHz with a duty cycle of 20%.  

 

As shown in Fig. 6.3, etching rates at any pressure were constant until the ion 

energy reached 16 V, above which the etching rate increased nearly linearly vs. E
1/2

. The 

ion-assisted etching threshold was independent of pressure or the amount of chlorine 

addition (0.25%-3% Cl2 in Ar). The ion-assisted etching threshold with chlorine was 

much smaller than the physical sputtering threshold (~45 eV) with Ar
+
 ions, measured in 

the same manner using a pure argon plasma. The ion-assisted etching threshold observed 

in this study is consistent with the 16 eV value reported by Chang et al. 
6 

using Ar
+
 ions 

and Cl/Cl2 in a beam system, conditions that most closely resemble those in the present 

study. When Cl
+
 was substituted for Ar

+
, Chang and Sawin

138 
saw the threshold drop to 

10 eV. Vitale et al. 
139 

found a 9 eV threshold, using a plasma beam system with a 
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mixture of Cl2
+
 and Cl

+
.  Balooch et al. 

9 
reported the threshold for ion enhanced etching 

of Si by Cl2 to be 25 eV for Cl2
+
 and 45 eV for Ar

+
.  

Above the threshold energy (16 eV), the relative etching rates in Fig. 6.3 show the 

usual linear dependence on the square root of ion energy,
8
  

        √  √     + C ,                       (6.1) 

where Eth is the threshold ion energy, and K is a proportionality constant. The additional 

term, C, corresponds to Si etching by other mechanisms such as isotropic etching by Cl 

atoms or photo-assisted etching. The ratio of etching rate at 0 V bias to that above the 

threshold bias (e.g., 40 V) is higher at lower pressure, possibly due to the small fraction 

of ions above 16 eV at lower pressures during the active glow (broad peaks in Fig. 6.1). 

At higher pressures, however, this cannot explain the significant etching rate at bias 

voltages below the 16 eV threshold (Fig. 6.3). The origin of this sub-threshold etching is 

discussed below.  

The ion-assisted etching yield (Y), the number of Si atoms removed per 

impinging ion (presumably mostly Ar
+
), was calculated using the etching rate measured 

by laser interferometry and the measured ion fluxes (e.g., Fig. 6.2). The ion-assisted 

etching rate was computed by subtracting the etching rate at 0 eV from the total etching 

rate.  For 30 eV and 40 eV ion energy, respectively, the etching yield was found to be 

0.14 and 0.41. The neutral-to-ion flux ratio under these conditions was in the range 10-

100. For comparison, the etching yield measured by Vitale et al. 
139

 was ~0.91 for 40 eV 

ions. The higher Y values may be due to the different positive ions (Clx
+
, (x=1 or 2) vs. 

mostly Ar
+
) and higher neutral-to-ion flux ratio (1000s) in their measurements. Chang et 

al. measured a Y~0.4 for 35 eV Ar
+
 ions for a neutral-to-ion flux ratio comparable to that 
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in the present study.
6
 Chang and Sawin

138
 found that the etching yield can be enhanced 

by a factor of 2 by using Cl
+ 

instead of Ar
+ 

ions in their beam experiment. 

6.3 Sub-threshold etching 

In Fig 6.3, it is noteworthy that there is a significant etching rate when the energy 

of ions during both the active glow and afterglow periods was kept below the 16 eV 

threshold for ion-assisted etching. It is widely reported that p-type Si does not etch in 

chlorine plasmas without ion bombardment.
12,19,140

 This sub-threshold etching may make 

small contributions to the total etching rate in plasmas dominated by high energy ions. 

However, in plasma etching processes currently under development for precise and near-

damage-free etching using low energy ions, the observed sub-threshold etching would be 

substantial, and likely detrimental, since it will not allow etching with atomic layer 

accuracy, and it may also affect sidewall profile development.  

Four potential mechanisms for sub-threshold etching are considered below: (1) 

spontaneous chemical etching by Cl atoms, (2) Ar metastable-assisted etching, (3) very 

low energy (E<Eth) ion-assisted etching, and (4) photo-assisted chemical etching. After 

systematic investigations, the sub-threshold etching of p-type Si with chlorine was 

attributed to photo-assisted chemical etching.   

6.3.1 Spontaneous chemical etching by Cl atoms 

Etching by Cl atoms in the absence of a plasma has been reported to be very slow 

near room temperature for p-type Si,
12,19,140

  hence this does not appear to be the 

explanation for sub-threshold etching of p-type Si in the present study. Furthermore, 
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etched profiles such as those in Fig. 6.4 show no undercutting of the Si below the SiO2 

mask. This sample was etched with an ion energy of 40 eV in the afterglow period. Under 

these conditions, the ion-assisted etching and sub-threshold etching rates are comparable. 

If spontaneous etching by Cl were the cause of sub-threshold etching, then the etched Si 

profile should exhibit an undercut just below the mask that would be about half of the 

etched depth.  This is not the case. Consequently, spontaneous etching by Cl atoms can 

be ruled out.  

                     

Figure 6.4     Cross sectional SEM picture of a p-type Si sample, patterned with 100 nm lines and 100 nm 

spaces. The SiO2 mask is 30 nm thick. The sample was etched in a pulsed 1% Cl2/99% Ar 

plasma at 50 mTorr with a synchronous 40 Vdc bias applied 50 s into the afterglow. 

6.3.2 Ar metastable-assisted etching  

Ar metastables contain enough energy (11.55 and 11.72 eV for the 
3
P2 and 

3
P0 

states, respectively) to cause desorption of SiClx species and hence could stimulate 

etching. Such a process has never been reported, however, and seems very unlikely, 
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given the nearly unit efficiency for quenching of rare gas metastables upon collisions 

with surfaces (e.g., 0.7 on smooth silica
141

), facilitated by the existence of nearby levels 

(
3
P1 and 

1
P1) that radiate to the ground state.  Nonetheless, to rule out Ar metastables, 

etching rates were measured as a function of bias voltage in a plasma containing only Cl2.  

The plasma was generated in a continuous wave mode but the bias was applied during 

half of 10 kHz cycle. (Fast electron attachment during afterglow made it difficult to 

sustain a pulsed plasma using pure Cl2 gas, particularly with the Faraday shield.) The 

results, presented in Fig. 6.5, look very similar to those in dilute Cl2/Ar plasmas (Fig. 6.3).  

Ion-assisted etching starts at a bias voltage of about 12 V.  This threshold is ~4 eV lower 

than that in Fig. 6.3 because of the higher plasma potential in the continuous wave 

plasma than the afterglow period of the pulsed Cl2/Ar plasma, as well as the lower 

threshold for Cl
+
 vs. Ar

+
.
138
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Figure 6.5    Si emission intensity as a function of boundary electrode bias voltage in a pure Cl2 plasma at 

35 mTorr. The plasma was operated in a continuous-wave mode. Pulsed dc bias was applied 

with a frequency of 10 kHz and 50% duty cycle.  
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Most importantly, there is a constant, non-zero etching rate below 12 eV, as with 

the dilute Cl2/Ar pulsed plasma. This suggests a similar mechanism for sub-threshold 

etching in pure Cl2 and Cl2/Ar plasmas and rules out Ar metastables as the cause. In fact, 

the sub-threshold etching component in a pure Cl2 plasma is even more substantial than 

in mostly Ar plasmas. In any case, the Ar metastable density should be depressed with 

addition of even small amounts of chlorine to an Ar plasma, due to quenching of 

metastables by collisions with the molecular gas. 

6.3.3 Grid experiments that rule out very low energy (E<Eth) ion-assisted etching, and 

provide evidence for photo-assisted etching  

When a positive ion approaches within a few Å of a surface, it is neutralized by 

an Auger process that creates a low energy electron.
142,143

 It is possible that this electron 

(or hole left in the valence band), could cause a reaction in the chlorinated surface layer 

that would lead to etching.  This mechanism would be possible even for ions with near-

zero kinetic energy. To test this hypothesis, grids were placed above the substrate, as 

described below and depicted in Fig. 6.6, allowing etching to be carried out in the 

absence of any positive ion bombardment. The effect of positive ions, light, and light plus 

ions on etching can thus be separated. 

6.3.3.1 Grid setup to prevent ions from impinging silicon surface  

    To either prevent or allow ions to bombard the surface, while also letting light 

and Cl atoms to impinge on the surface, a cage with two grids was fabricated and 

mounted on the sample stage (Fig. 6.6). Two tungsten mesh grids (each with 70% 
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transmission and 180 µm square holes, Unique Wire Weaving Co., Hillside, NJ), were 

spot welded on a 1 mm thick stainless steel plate. The grids were separated by 2 mm and 

the sample was inserted in vacuum 2 mm below the bottom grid. After etching a Si 

sample in a Cl2/Ar plasma, XPS showed only a small amount of tungsten chloride on the 

surface, if the substrate temperature were held at 80 °C, but much more if the sample 

were cooled to 20°C. 

       

Figure 6.6     A cage with two tunsten grids to test the role of low energy ions in sub-threshold etching. The 

sample was biased (VC) to repell ions without disturbing the plasma potential. VA and VB 

were kept at -5 V.  

 

Consequently, measurements with the grids were carried out at 80°C. [In 

experiments with the sample thermally floating, the Si emission intensity showed no 

obvious dependence on duration of plasma exposure, provided the native oxide was 

removed and the chamber walls were conditioned by etching Si for ~10 min prior. Hence 

there appears to be little or no temperature dependence of the etching rate, and the 

measurements carried out with the grids at 80 °C can be compared with room temperature 

measurements without the grids. Also, these experiments were performed in a short time 

(a few minutes), using a fresh sample every time].  
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The top grid could either be grounded or set to a small negative potential (VA) to 

repel electrons and allow ions to enter. The bottom grid was initially intended to act as a 

switch, to turn ion bombardment ON or OFF by setting its potential (VB) to either ground 

(ions ON) or sufficiently positive (ions OFF), with the ion energy being the difference 

between the substrate potential and the plasma potential. However, if substantial electron 

density was present between the grids, the positive potential on the bottom (repeller) grid 

could raise the plasma potential. If the plasma potential were to follow the repeller grid 

potential, the ions would always have higher energy than the repelling potential, leading 

to failure of ion filtering. To check this possibility, the potential on the floating boundary 

electrode (VBE) was measured as positive potentials were applied to the repeller grid. The 

measured VBE did indeed nearly track the repeller grid voltage (VB), hence this 

configuration was abandoned. Instead, the potential of both grids (VA and VB) was set at -

5 V (to repel low energy electrons and minimize heating of the grids) and the potential on 

the substrate (VC) was used to both control ion energy and turn OFF all ion bombardment 

at sufficiently positive voltages. At the most positive voltage VC required to reject all 

positive ions, VBE barely increased (<1 V), indicating that there was no plasma potential 

perturbation. 

6.3.3.2 Experiments provide evidence for photo-assisted etching 

Fig. 6.7 shows emission spectra in a continuous wave Ar/3% Cl2 plasma at 300 W 

and 7 mTorr, at different biases on the sample (VC). The current on the substrate 

measured for each case is given in parenthesis (top left corner). The spectra were 

collected using one sample. It took about one minute to collect one spectrum. Surface 
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contamination was not an issue, as verified by repeated scans with the same bias. In all 

the cases, the atomic Si emission lines and two SiCl bands were observed in addition to 

Cl2 emission bands. With 0 V bias, the ion energy was ~16 eV (near threshold) and Si 

and SiCl emissions were clearly observed. When the sample bias was changed to -30 V 

(~46 eV ion energy), the Si and SiCl emission intensities increased by about a factor of 3, 

as expected from the data in Fig. 6.3. However, when the sample was biased at +30 V, 

preventing all ions from reaching the Si surface, the Si and SiCl emission intensities were 

about the same as the 0 V bias case. This would seem to rule out any mechanism 

promoting sub-threshold etching that involves low energy ions.  
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Figure 6.7    OES spectra taken during etching of Si in a 3% Cl2/97% Ar plasma with different bias 

voltages applied to the substrate. Application of a negative bias results in more intense Si 

emission, whereas positive bias and no bias show the same lower intensity emission.  
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In another experiment involving the grids, Si emission intensity at 2882 Å was 

recorded as a function of substrate bias that was repeatedly ramped from -30 to +30V in 

each cycle lasting 20 s. At the same time, current to the sample was measured as a 

function of substrate bias voltage.  
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Figure 6.8    Current to the substrate and relative etching rate as a function of the bias voltage applied to 

the substrate. The substrate bias was ramped from -30 to +30V in 20 sec. Si emission is 

constant for positive bias voltages, indicating no influence of ions on etching of silicon. 

 

A continuous wave 3% Cl2/Ar plasma was operated at 7 mTorr.  As shown in Fig. 

6.8, an ion saturation current was measured between -30 and -12 V, with essentially no 

electrons reaching the sample at these voltages. As more positive voltage was applied, 

some current was collected from electrons that leaked through the grids.  By +30 V 

substrate bias, all positive ions were repelled and only electrons reached the sample. (As 

mentioned above, even at the most positive substrate bias voltage, the plasma potential 
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was not affected appreciably.) Si emission was a constant, non-zero value at bias voltages 

between +30 and ~+5 V and then began to increase as the bias voltage was made 

increasingly negative. Low energy ions (as well as low energy electrons) can be ruled out 

as the cause for sub-threshold etching, since at higher positive bias, no ions can reach the 

surface, yet a substantial etching rate persists. When the ions were prevented from 

impinging the silicon, chlorine radicals can still reach the surface along with the 

photons that were generated inside the plasma environment which cannot be 

blocked even with the presence of the grid. By process of elimination, it seems that 

photo-assisted etching is the most likely cause for the sub-threshold etching.  

6.3.3.3 Validation of grid experiments 

The possible influence of charge exchange in distorting the results of the grid 

experiments must be considered. At 7 mTorr, ions in a continuous wave plasma enter the 

top grid (Fig. 6.6) with a maximum energy of 20 eV, a peak energy of 16 eV and a tail 

with lower energies (see Fig. 6.1).  In the nearly field-free 2 mm distance between the 2 

grids, 10% (i.e., 100 × [1-exp(-2/18)], where the mean free path for charge exchange 

collisions is 18 mm ) of these ions will suffer charge exchange and be converted into 

neutrals with the translational energy of the initial ions.  If we assume that fast neutrals 

have identical etch yield as ions with the same energy, then from Fig. 6.1, roughly 1/3 of 

the ions at 7 mTorr enter the grid with energies above the 16 eV threshold, and hence 

only 3% (10% × 1/3) of the ions traversing the space between the grids are converted into 

fast neutrals that can induce etching.   
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Ions exiting the second grid are either accelerated or decelerated by negative or 

positive bias on the substrate.  About 15% (i.e., 100 × (1-exp(-3/18)) of the ions 

accelerated over the 3 mm distance to the substrate are converted into fast neutrals that 

could induce some etching.  Since the ions in this case will mostly arrive at the sample 

with more energy that they entered the top grid, and the fast neutrals will have lower 

energies, the ion-assisted etching will be much enhanced (≈90% or higher) over fast 

neutral-assisted etching.  When ions are decelerated, some additional neutrals are created, 

but these neutrals do not have sufficient energy to induce etching.   Hence when positive 

bias is applied to repel all positive ions, the contribution by fast neutrals above the 

threshold for ion- (and fast neutral-) assisted etching is negligible. 

In addition, it is conceivable that the sub-threshold Si emission signal originates 

from silicon deposits on the chamber walls, rather than the silicon sample. It was verified 

that this is not the case by lowering the sample out of the plasma region (~1 ft below the 

nominal sample location). The Si emission signal was then measured to be only a few 

percent compared to the signal when the unbiased sample was in the plasma, while the 

SiCl signal completely disappeared. In addition, etching under sub-threshold ion energy 

was observed directly by IR laser interferometry (Fig. 6.3, hollow triangle at 0 eV) and 

SEM examination of a sample etched without bias (see Fig. 6.10).   

6.3.4 Wavelength dependence for photo-assisted etching   

The possible role of light, generated in the plasma, in inducing etching was 

investigated with a 20mm by 40mm quartz “roof” placed 11mm above two samples, as 

shown in Fig. 6.9. Half of the roof was covered by a Si piece to block light and the other 
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half transmitted light at wavelengths above 170 nm. Two Si samples were dipped into 48% 

HF solution, and one was placed beneath each region. The samples were therefore 

exposed to the same plasma and neutral density but very different levels of illumination 

from the relatively bright plasma closer to the center of the alumina tube. Each sample 

was covered with a small piece of Kapton tape on a symmetric location as a mask, and 

the etched depth was examined by a Tencor alpha step profilometer. 

                  

Figure 6.9    Schematic of a quartz roof placed 11mm above the sample. Half of the roof was covered to 

make it opaque; the other half was transparent to light with wavelength above 170 nm. 

 

In the experiment described in Fig. 6.9, most of the light from the plasma was 

blocked from reaching the surface beneath the opaque mask suspended above the sample, 

while light with wavelengths greater than 1700 Å was allowed to pass through the quartz 

plate and irradiate the surface. Presumably, the plasma and Cl atom densities in the 11 

mm space between the quartz roof and the samples was the same over both samples. 

Etching was performed at 50mTorr Ar, and 300 W continuous wave plasma, with 3% Cl2 

in Ar, and no applied bias. Samples of p-type Si were masked with Kapton tape and 
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etched for 12 min. After etching, the tape was removed and the etched depth was 

measured in three locations with a stylus profilometer. The sample beneath the opaque 

mask was etched to a depth of 46  6 nm, while that below the quartz window etched to a 

depth of 126  11 nm. The enhanced etching in the region receiving a higher level of 

illumination can be attributed to photo-assisted etching as discussed above.  

When the expected etching rate of the sample under the unblocked side of the 

quartz roof was compared to the etching rate actually measured, further insight into the 

photo-assisted etching was revealed.  Starting with the etching rate at 50 mTorr with 0 V 

bias (144 Å/min) of Fig. 6.3, and correcting for the differences in power (100 W vs. 300 

W) and% Cl2 (1% vs. 3%), the etching rate should have been ~1,300 Å /min. However, 

the observed etching rate under the unblocked side of the quartz window was 105 Å /min, 

only a small fraction (<10%) of the expected estimated value. This indicates that photo-

assisted etching is dominated by short wavelength photons (< 1700 Å nm) that do not 

pass through quartz. Indeed, in Ar plasmas, strong vacuum ultraviolet (VUV) lines are 

emitted at 104.8 and 106.6 nm.
144,145

 In this study, the VUV flux was not measured, but 

photon power densities of up to 52 mW/cm
2
 have been reported in pure Ar ICPs, 

integrated over wavelengths between 50 and 250 nm (24 eV to 4.9 eV).
145

 

Photo-enhanced etching is usually ascribed to a charge transfer process in which 

photoelectrons are captured by Cl (or F) and photo-generated holes aid in breaking Si-Si 

bonds.
13,87,89

 A similar mechanism involving formation of Cl
-
 was proposed to explain the 

much faster etching rate by Cl atoms of heavily doped n
+
-Si (~10

20
 cm

-3
) compared with 

undoped or p-type Si.
12,87,140

  Very high photo-sputtering yields (10-60 atoms per photon) 

have been reported for etching of Si by XeF2
146,147

  and of GaAs by Cl2
99

 at such short 
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wavelengths. Higher etching yields for VUV vs. visible radiation could be due to hot 

carriers created by energies well above the bandgap energy, but it is difficult to explain 

yields much greater than unity.  

6.4 Etch profiles obtained during photo-assisted etching 

The nearly equal contributions of photo-assisted and low-energy (~36 eV) ion-

assisted etching of p-type Si in chlorine-containing plasmas is quite surprising, given that 

it has not been reported previously, but is likely to have unwanted effects on etched 

profiles.  

        

Figure 6.10   Cross sectional SEM of a patterned p-type Si sample after 10-minute etching in 1% Cl2/99% 

Ar pulsed plasmas at 50 mTorr with no synchronous dc bias during afterglow. At this 

pressure, all ions have energy less than etching threshold (16eV). 

 

Quite often, profiles of Si etched in chlorine-containing plasma exhibit a range of 

artifacts that until now have been attributed to mechanisms other than photo-assisted 
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etching.
148,149

 Most published studies of etched feature profile evolution in chlorine 

plasmas were carried out at higher ion energies, where ion-assisted etching is dominant, 

and a mechanism such as microtrench formation from glancing angle scattering of ions 

off feature sidewalls is likely to be correct. At low ion energies, however, photo-assisted 

etching is playing an additional role in profile development. For example, when photo-

assisted etching dominates, microtrenches are observed at the bottoms of sidewalls of 

etched features (Fig. 6.10).  

The plasma-generated VUV photons from Ar at 104.8nm and 106.6nm are 

repeatedly absorbed by ground state Ar and re-emitted until they emerge for the 

periphery of the plasma.  Those striking the Si substrate will be absorbed near the surface, 

with a 1/e absorption depth of about 8nm,
150

 generating electron hole pairs. The minority 

carrier (i.e., electrons) diffuse to the surface and enhance etching. However, at a glancing 

incidence angle, those photons can be reflected from sidewalls and enhance etching 

adjacent to the sidewalls. Therefore, the mechanism can be analogous to ion scattering, 

where photons are specularly reflected off sidewalls, enhancing illumination intensities at 

the base of the etched feature. Diffraction will also play a role in enhanced intensity at 

selected locations adjacent to etched features. 

The profiles in Fig. 6.4 have sloped walls but no undercutting of the mask. 

Similar sloped wall with minimal undercutting was reported by Okano et al. for etching 

Si in the presence of Cl2 with UV light incident on the surface.
87

 The profiles were 

particularly sloped if the angle of incidence of the light was off-normal. In a plasma, 

profiles will exhibit a combination of near-vertical sidewalls from ion-induced etching 

and sloped sidewalls from the wide angular spread of incident light from the diffuse 
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plasma glow. When the ion-assisted and photo-assisted rates are comparable, profiles 

such as those in Fig. 6.4 could be expected. It is also expected that the photo-assisted 

etching rate would become small inside trenches that are smaller than the wavelength of 

light emitted from the plasma. Photo-assisted etching is also detrimental for processes 

that require monolayer accuracy (e.g., atomic layer etching
54,55

). In order to achieve 

atomic layer control, etching must occur only when the surface is exposed to an energetic 

flux of ions with controlled energy. If spontaneous or photo-assisted etching occurs, the 

process is not self-limiting, compromising atomic layer resolution.  

In summary, considerable etching of p-type silicon was observed, independent of 

energy, even for ions with energies below the 16 eV threshold. Such “sub-threshold 

etching” of p-type Si in a plasma has not been reported previously. Etched features 

showed no mask undercut, confirming that there was no spontaneous etching of p-type Si 

by Cl atoms. Ar metastables could not be responsible either, since sub-threshold etching 

was also observed in pure chlorine plasmas. Ions with sub-threshold energy were also 

shown not to cause etching: when all ions were repelled from the sample surface, sub-

threshold etching persisted. Finally, by using grids to prevent ions from reaching the 

sample, while allowing most of the plasma-generated light to irradiate the sample, it was 

shown conclusively that the sub-threshold etching was due to photo-assisted etching by 

chlorine. In particular, it was found that photo-assisted etching was dominated by light 

with wavelength less than 1700 Å. 

For p-type and presumably undoped or lightly doped n-type Si, the photo-assisted 

etching rate is significant, compared to ion-assisted etching, for processes that require 

low ion energies (10s of eV) to achieve high selectivity and low damage, such as atomic 
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layer etching. In addition, photo-assisted etching likely plays an important role in the 

evolution of features with sloped sidewalls during Si etching in chlorine-containing 

plasmas.   
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CHAPTER 7 

PHOTO-ASSISTED ETCHING OF SILICON IN CHLORINE- AND 

BROMINE-CONTAINING PLASMAS 

Photo-assisted etching (PAE) rate was substantial compared to the ion-assisted 

etching rate at very low ion energies, causing complications for processes that require 

low ion energies.  

In this chapter Cl2, Br2, HBr, Br2/Cl2 and HBr/Cl2 feed gases diluted in Ar (50%-

50%) were used to study photo-assisted etching of p-type Si(100) in a rf inductively 

coupled, Faraday-shielded plasma. Etching rates were measured as a function of ion 

energy. The photon energy dependence of PAE was studied by filtering incident light 

with different wavelengths to the substrate. Scanning electron microscopy (SEM) and 

atomic force microscopy (AFM) were employed to survey surface morphology after 

photo-assisted etching.  

7.1 Experimental conditions 

Experimental apparatus was described in chapter 3 and depicted in Fig. 3.2. 

Plasmas were operated in a continuous wave mode. Fig 7.1 shows normalized ion energy 

distributions (IED) in Ar plasmas at 300 W radio frequency (rf) power for different 

pressures. As reported previously,
65

 IEDs of ions bombarding the substrate were 
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measured by a retarding field ion energy analyzer. The IED consisted of a single peak, as 

expected, since the Faraday shield prevented capacitive coupling that would impose a 

large rf oscillation in the plasma potential and a bimodal (or at least broadened) IED. Fig. 

7.1 shows that the IEDs maximize at an energy that decreases with increasing pressure. 

The maximum is ~5Te, as expected, where Te is the electron temperature. Since Te 

decreases when halogens are added to an Ar ICP (lower ionization potentials), IEDs for 

the mixed gas plasmas will peak at still lower energies. Note that there are very few ions 

with energies above the reported lowest threshold of 16 eV for ion-assisted etching of 

Si.
6,9,151
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Figure 7.1    Normalized ion energy distributions (IED) measured in continuous wave argon plasmas (300 

W, 40 sccm), for 7, 14, 28 and 50 mTorr. Boundary electrode and sample stage were 

grounded. Details of the IED measurements can be found in Ref. 65.  

 

Unless otherwise stated, 50% halogen/50% Ar gas mixture plasmas were operated 

at 400 W rf power and 60 mTorr. When two halogen-containing gases were used, 25% of 

each were added to 50% Ar. The sample and stage were connected to a pulsed dc power 
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supply, operated at varied negative square wave pulses at a frequency of 10 kHz and a 

duty cycle of 50%. Even though the plasma power was on continuously, pulsed dc bias 

was employed to be able to compare with a previous study in which pulsed power and 

synchronous pulsed dc bias in the afterglow was used. Although pulsed plasma with 

synchronous dc bias in the afterglow provided narrower IEDs, the emphasis here was not 

to provide a careful measurement of the threshold for ion-assisted etching, but instead to 

study photo-assisted etching. Operating the plasma continuously provided faster etching 

rates for both photo-assisted etching (more light per unit time) and ion-assisted etching 

(higher Te, ion Bohm velocity and hence flux). Pulsing the bias also reduced ion-assisted 

etching relative to PAE, which was helpful for some cases where PAE was found to be 

small. The ion energy during application of pulsed bias was assumed to be equal to the 

bias voltage plus the plasma potential, Vp, with no bias, as was found previously.
65

 Vp was 

taken as the energy at which the IED in Fig 7.1 maximizes. (maxima as a function of 

pressure between 7 and 50 mTorr were extrapolated to obtain Vp = 6 V at 60 mTorr.) Vp 

may be 1 or 2 V lower than this value because of the lower ionization potential (and 

lower Te) when halogens are introduced in an Ar plasma.   

7.2 Measurement of etching rate as a function of ion energy  

Fig. 7.2 shows the relative emission intensity of atomic Si at 2882 Å as a function 

of square root of ion energy for all the gas mixtures used in this study. Absolute etching 

rates measured at 0 V, -40 V and -60 V substrate bias are indicated by the open star 

symbols. Relative emission intensities were normalized to corresponding absolute etching 

rates with a unique proportionality constant for each mixture (given in parenthesis in the 
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figure label). The optical emission data, therefore, provided absolute etching rates as a 

function of ion energy. Pulsed dc bias at 10 kHz and 50% duty cycle was applied on the 

sample stage. The boundary electrode was grounded. 

For each mixture, etching rates remain constant but non-zero as ion energy 

increases from its minimum value, until reaching a threshold that corresponds to the onset 

of ion-assisted etching. The dashed lines in Fig. 7.2 represent a constant etching rate that 

is due to processes other than those stimulated by energetic ion bombardment. Above the 

threshold, etching rates increase linearly as a function of square roof of ion energy.                          
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Figure 7.2    Calibrated Si etching rates (solid symbols), and measured absolute etching rates (hollow stars), 

as a function of E
1/2

 in different cw argon/halogen plasmas. Double headed arrow lengths 

indicate photo-assisted etching.  
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7.3 Ion-assisted etching in chlorine- and bromine-containing discharges 

The ion-assisted etching threshold energy (E0) may be found by fitting a straight 

line to the ion-assisted etching regime in Fig. 7.2, and extrapolating this line to zero 

etching rate. A more representative threshold (E1) may be found as the intersection of this 

line with a horizontal line fitted to the sub-threshold etching regime. Both thresholds are 

indicated in Fig. 7.2 for 50% Br2/50% Ar plasmas. The larger the contribution of sub-

threshold etching, the more E0 will deviate from E1. Table 7.1 lists the values found for 

E1 = 40, 29 and 28 eV for Br2, HBr, and Cl2, respectively. 

Table 7.1      Ion-assisted etching thresholds E0 and E1 (defined in Fig. 7.2) optical emission from Ar 2p1 at 

750.4 nm and normalized elemental chemical composition (excluding H) of blanket p-Si 

samples after etching in different Ar/halogen plasmas with no bias voltage. 

  
E0 

(eV) 
E1 

(eV) 
Ar 2p1 
(a.u.) 

Cl 

(2p) 
Br 

(3d) 
O 
(1s) 

C 
(1s) 

Si 
(2p) 

50%Cl2/50%Ar 3 28 0.221 0.181 0 0 0 0.819 

50%Br2/50%Ar 34 40 0.138 0 0.091  0 0.008 0.901 

50%HBr/50%Ar 5 29 0.205 0 0.103 0 0 0.897 

25%Cl2/25%Br2/50%Ar 12 30 0.262 0.107 0.025 0 0 0.868 

25%Cl2/25%HBr/50%Ar ~1 ~40 0.272 0.109 0.027 0 0 0.864 

 

The ion-assisted etching threshold of E1=28 eV for the Cl2/Ar plasma found in 

this work is between the value of 42 eV reported by Levinson et al.
151

, for Ar
+
 and Cl2 

beams, and the 16 eV threshold found by Chang et al.
6
 for Ar

+
 and Cl beams. This could 

be due to the fact that, in the present work, both Cl and Cl2 are impinging of the surface.  

Vitale et al.
139

 reported yields as a function of ion energy, using a plasma to form a beam 

of ions and neutral radicals that were directed at a substrate in a differentially-pumped 

chamber. Species (including photons) exited through a grid. Their thresholds were 44, 10 
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and 9 eV for pure Br2, HBr, and Cl2, respectively. The E1 value for Br2 in Table 7.1 

(E1=40 eV) is in reasonable agreement with their threshold, but the E1 values for HBr and 

Cl2 are much higher than their thresholds. Vitale et al.
139

 showed no data below their 

quoted threshold energies, where, in the absence of other energetic species, it would be 

expected that the etching rate would be zero. Therefore, it is possible that their thresholds 

were too low because photons emerging from their beam could cause etching as well, 

hence the thresholds were extrapolated to zero total etching rate and not zero ion-assisted 

etching rate.  

Total etching rates in Cl2/Ar plasmas are higher than those in HBr/Ar plasmas, but 

the ion-assisted component is about equal above threshold. Faster etching rates have been 

reported previously
139,152

 for Cl2 vs. HBr plasmas, ascribed to a chemical sputtering rate 

in proportion to the halogen coverage
152

 or lower ion densities in HBr plasmas
139

. Faster 

etching rates for Cl2 plasmas could also be due to contributions from photo-assisted 

etching.  

7.4 Below the threshold for ion-assisted etching 

The constant sub-threshold etching displayed in Fig. 7.2 for 50% Cl2/50% Ar 

plasmas was found previously for pure Cl2 and 1%Cl2/99% Ar plasmas and was shown to 

be due to photo-assisted etching by light generated in the plasma.
84

 Other mechanisms 

such as isotropic etching (chemical etching) by Cl atoms, metastable-induced etching, or 

ion-assisted etching by a mechanism different that chemical sputtering, were ruled out in 

that study.  
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7.4.1  Isotropic chemical etching 

Isotropic etching by reactive species can be distinguished from anisotropic 

processes such as photo-assisted etching by examining the profiles of features etched 

through a mask. A compilation of scanning electron micrographs for SiO2-masked, p-

type Si with different halogen feed gas plasmas is shown in Fig. 7.3.            

     

 

Figure 7.3      Cross sectional scanning electron micrographs (SEMs) of p-type Si (line and space width ≥ 2 

μm), etched in different 50% Ar/50% halogen plasmas with no bias voltage. SiO2 mask was 

30 nm thick. 

 

In these experiments, both the boundary electrode and the substrate were 

grounded, resulting in a mean energy of 6 eV and a maximum energy of ~10 eV for ions 

bombarding the substrate. The white lines and black arrows indicate the amount of 

horizontal etching immediately below the mask, as well as the extent of vertical etching. 

The horizontal etching rates derived from the SEMs of Fig. 7.3 are denoted as dotted 
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lines in Fig. 7.2. For Br2/Ar plasmas, there was no detectable undercutting below the 

mask. This is in agreement with previous studies of Br atom etching of p-Si, which 

showed that the etching rate is exceedingly slow at room temperature.
153

 50% Cl2/50% Ar 

plasmas exhibited perhaps a slight amount of horizontal etching; in previous studies of 1% 

Cl2/99% Ar plasmas, no undercutting was found. As discussed previously,
84

 etching by 

Cl atoms in the absence of a plasma has also been reported to be very slow near room 

temperature for p-type Si.
12,18,19

 

The little or no isotropic etching in Cl2/Ar and Br2/Ar plasmas is very different 

from what was found in HBr-containing plasmas. Both HBr/Ar and Cl2/HBr/Ar plasmas 

exhibited a substantial amount of isotropic etching. This is likely due to purely chemical 

etching by H atoms, which have been reported to etch Si at room temperature with a 

nearly isotropic profile.
154-160

 Undercutting in HBr-containing plasmas is usually not 

observed.
161-166

 Perhaps this is a result of the erosion of photoresist and chamber 

materials (with no Faraday shield, as in most commercial etching tools), resulting in Si 

sidewall passivating layers
164

 that could slow or block isotropic etching by H atoms. 

Haverlag et al.
164

 reported undercutting of poly-Si beneath a photoresist mask exposed in 

an electron cyclotron resonance 5 mTorr HBr plasma at a modest substrate temperature 

(48 
o
C) and low rf bias voltage (50 V). They found that some time (~200 s) elapsed 

before enough carbon and/or oxygen passivated the sidewall, stopping lateral etching. 

7.4.2 Photo-assisted etching (PAE) 

When the isotropic etching rates in Fig. 7.2 were subtracted from the total sub-

threshold rates, the remaining, vertical etching was due to another anisotropic process 
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that has been ascribed to photo-assisted etching (PAE).
84

 These PAE rates are represented 

in Fig. 7.2 as the length of the double-headed arrows. The rates are also presented in the 

bar graph in Fig. 7.4. PAE is fastest for Cl2/HBr, fast and nearly the same for Cl2 and 

Cl2/Br2, slower for HBr, and slowest for Br2 containing-plasmas, all diluted with 50% Ar.                      

0

50

100

150

200

250

300

350

400

450

 

 

 

E
tc

h
in

g
 r

a
te

s
 (

n
m

/m
in

)

I A
r 

7
5
0
4
 

 C
l 

+
 B

r 
c

o
v

e
ra

g
e

 (
X

P
S

 a
.u

.)

Br2 HBr HBr/Cl2Br2/Cl2Cl2

  

Figure 7.4    Etching rate of Si measured by stylus profilometer in different 50% Ar/50% halogen plasmas 

with no bias voltage (solid columns); product of optical emission of Ar 750.4 nm line (a.u.) 

and total halogen surface coverage (Cl+Br) measured by XPS (cross hashed columns). 

 

It would be expected that regardless of the mechanism, photo-assisted etching of 

Si should scale with the intensity of light striking the surface, provided of course that the 

light is capable of inducing etching (e.g., at an energy above the bandgap, if etching is 

caused by photo-generation of electron-hole pairs). Previously (and in this study, 

described below) it was found that vacuum ultraviolet (VUV) radiation was more 

effective in inducing PAE. In Ar plasmas, strong VUV emission occurs at 104.8 and 
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106.6 nm (photon energies of 11.8 eV and 11.6 eV). In Cl2 plasmas, Cl emits at 134.7 nm 

(9.2 eV) and 137.9 nm (8.9 eV). Strong Br emission occurs at 148.8 nm (8.35 eV) and 

157.5 nm (7.9 eV). The VUV spectrum was not recorded, however, it is expected that 

emission from these high-energy states would be proportional to emission from the Ar 

2p1 state at 13.48 eV (that emits at 750.4 nm). Emission at this wavelength for the five 

gas compositions used in this study is also given in Table 7.1. Emission is most intense 

and similar for Cl2-containing plasmas, weakest for Br2/Ar and second weakest for 

HBr/Ar plasmas. These trends are consistent with the ionization potentials that determine 

the magnitude of the electron temperature, Te. The ionization potential (IP) of Ar (15.8 

eV) is higher than any of the feed gases or atomic fragments, hence Te will be largely 

determined by the IP of the feed gas. These are 11.5, 10.5 and 11.7 eV for Cl2, Br2 and 

HBr, respectively, and 12.96, 11.8 and 13.6 eV for Cl, Br and H, respectively. Since Br2 

has the lowest IP of the feed gases employed, and Br the lowest fragment IP, the Br2/Ar 

plasma should have the lowest Te and hence the lowest Ar 750.4 nm and VUV emission 

intensities. HBr has nearly the same IP as Cl2, but again, the low IP for Br should lower 

Te some.  

Any conceivable mechanism for PAE from light incident on the Si surface in the 

presence of a halogen feed gas would be expected to scale with the coverage of halogens 

on the surface. Table 7.1 shows the surface composition, measured by XPS, after etching 

with no bias voltage. It should be noted that no C was detected on Si surfaces after 

etching in Cl2-containing plasmas while 1-3% C remained on the surface after Br2/Ar and 

HBr/Ar plasma exposures. While PAE rates correlate somewhat with the Ar 750.4 nm 

emission intensity as well as the total XPS halogen atom percent, the correlation with the 
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product of emission intensity and total halogen coverage, represented by the cross hashed 

(green color online) columns in Fig. 7.4, is noteworthy.   

7.5 Photon energy dependence of photo-assisted etching 

Previously, it was shown that by placing a pair of grounded grids above the 

sample and applying positive bias to the substrate in excess of the plasma potential, all 

ions were blocked from reaching the surface, yet etching persisted.
84

 When a quartz disc 

was placed above the surface the etching rate greatly slowed but a small residual etching 

remained. These results were interpreted as indicating that photo-assisted etching is most 

efficiently induced by VUV light that would be blocked from reaching the substrate by 

the quartz window, but would of course be transmitted by the grids. In the present 

investigation, a MgF2 window was also used to allow some VUV light to reach the 

sample. 

VUV emissions from the 1s2 and 1s4 levels of Ar at 104.8 and 106.6 nm are 

expected to be a major source of VUV radiation in Ar-containing plasmas. No window 

material transmits at these wavelengths, but the analogous emissions from the 1s2 and 1s4 

levels of Kr at 116.5 nm (10.64 eV) and 123.6 nm (10.03 eV) are partially transmitted by 

MgF2. Therefore, 50% Cl2/50% Kr plasmas were used to further investigate the photon 

energy dependence of PAE. Since Kr has a lower IP (14.0 eV) than Ar, the Cl2/Kr plasma 

will have a somewhat lower Te and plasma potential compared to the Cl2/Ar plasma, and 

hence the maximum ion energy at 60 mTorr is expected to be slightly lower than ~10 eV. 

Consequently, ion assisted etching without bias will be eliminated in Cl2/Kr plasmas, just 
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like in Cl2/Ar plasmas, since the energy of ions bombarding the substrate is less than the 

threshold energy.  

 

Figure 7.5   (left) Measured ion current to the substrate during the application of pulsed dc bias for 

different window materials and no window. (right) Schematic of window placed above the 

sample to block photons of selected wavelengths.  

 

A 38 mm diam. window of different materials was placed 10 mm above the 

sample to block photons of selected wavelengths that are emitted from the upper dense 

plasma (see schematic in Fig. 7.5). Etching rates of masked p-Si under the window were 

obtained with a stylus profilometer. Fused silica transmitted wavelengths > ~170 nm, 

while the MgF2 window allowed photons with wavelengths > ~120 nm to reach the 

sample. An opaque window was also used to block all wavelengths. The ion density 

above the sample was determined in separate experiments by measuring ion currents 

during a 50 s, 60 V dc bias pulse applied on the boundary electrode. This raised the 

plasma potential and prevented electrons from reaching the substrate, thus, solely ion 

current was collected. (It should be noted that the bias pulse was used only to measure the 

positive ion density above the sample. It was assumed that this would equal the ion 
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density during etching experiments with the window in place and the boundary electrode 

continuously at ground potential, leading to only low energy, <10 eV, ion bombardment.) 

Ion current densities near the end of the bias pulse are summarized in Table 7.2. Ion 

current density dropped by nearly the same factor of ~6 with the window in place and 

exhibited little dependence on window material.  

Table 7.2      Measured ion current density, optical emission of Cl at 792.4 nm, Kr at 768.5 nm, and Cl-

to-Kr emission ratioes in an equi-mixture Cl2/Kr plasma, along with the etching rate of p-

Si with no applied bias voltage, underneath different windows or no window.   

Window 

Ion current 

density 

(mA/cm
2
) 

Cl 792.4 

nm     
(a.u.) 

Kr 768.5 

nm  
(a.u.)     Cl/Kr 

Etching rate 

(nm/min) 

no window 13.1   1.3 2.79 0.465 235 

MgF2 2.4   0.143 0.308 0.464 19.4±2.3 

quartz 2   0.181 0.498 0.363 13.5±0.8 

opaque 1.8   0.134 0.388 0.345 11.4±0.9 

 

Emission from Cl (792.4 nm) and Kr (768.5 nm) was also recorded below and 

parallel to the window (see Fig. 7.6 and Table 7.2). Both emissions dropped by similar 

factors, comparable to the drop in ion current density and thus approximately electron 

density (the amount of Cl
-
 and how much it drops below the window was not determined). 

The Cl-to-Kr emission ratio is expected to be proportional to Cl number density (nCl), 

since the Cl2 number density (nCl2) should not be much greater than nCl under the high-

plasma-density conditions of the present study.  (Cl emission from dissociative excitation 

of Cl2 cannot be neglected when nCl2 >> nCl) Therefore, it appears that the Cl number 

density is unaffected by the presence of the window. Since Cl atoms have a low 

recombination coefficient on dielectrics such as quartz 
167-169

 and probably MgF2, this is 

not surprising.    
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Figure 7.6    Optical emission of Kr 768.5 nm (solid columns), Cl 792.4 nm (hashed columns) and Cl-to-Kr 

emission ratio (cross hashed columns) measured below the opaque, quartz and MgF2 

windows, compared with the measurements with no window in 50% Cl2/50% Kr ICPs.   

 

Etching rates of Si under different windows and without the window are given in 

Table 7.2. Etching rates dropped from 235 nm/min with no window to 11.4 ± 0.9 nm/min 

with the opaque window. Since the Cl atom density was hardly affected by the window, 

the sub-threshold etching with no window is conclusively shown not to be due to purely 

chemical etching by Cl atoms. The 21-fold reduction in etching rate is much more than 

the 7-fold reduction in ion density above the substrate, ruling out some type of low-

energy ion-stimulated mechanism or electron assisted etching, in agreement with a 

previous study.
84

  

The small but measurable etching beneath the window is likely due to photo-

assisted etching from light that scatters off the bottom of the opaque window and from 

other line-of-sight reactor parts. PAE would also be caused by light generated in the low-
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density plasma between the window and the sample. Since the pathlength above the 

sample to the window is much shorter (10 mm) than the pathlength across the plasma 

(~100 mm), the light intensity generated in this region should be much less than 7-fold 

lower plasma density, as observed. 

When the opaque window was replaced by a quartz window and light with 

wavelength >170 nm was allowed to reach the sample, the etching rate with zero bias 

voltage was 13.5 nm/min ± 0.8 nm/min, statistically no higher than that with the opaque 

window. This indicated that photons with wavelengths > 170 nm are not efficient for 

inducing PAE. With a MgF2 window, the Si etching rate was 19.5 ± 2.3 nm/min, about 

10% of the rate with no window. The MgF2 window transmits >90% at >200 nm, about 

50% at 125 nm and falls off rapidly to 0% transmission at ~<110 nm. The longest 

wavelength Kr VUV lines at 116.5 and 123.6 nm are therefore in the transmission fall-off 

region. Cl has VUV lines in the 120 – 140 nm region. The VUV spectrum of the plasma 

was not measured in the present study. The factor of ~10 fall-off in etching rate is more 

consistent with the Kr emission being dominant over the Cl emission. Estimates of 

quantitative reduction in VUV-induced etching are also complicated by the fact that the 

MgF2 window formed color centers that attenuated transmission. (After the MgF2 

window was removed, following ~1 hr of plasma operation, a yellow tint was observed in 

the window. Annealing the window for 8 hrs at 400 
o
C removed the absorbing color 

centers.) Nonetheless, it appears that VUV light is more effective than UV-visible light in 

photo-assisted etching. 
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Figure 7.7     Absolute etching rates based on the Si emission and calibrations described in the text below 

the opaque (triangles), quartz (squares) and MgF2 (circles) windows (left y-axis), along with 

a set of measurements with no window (diamonds, right y-axis).  

 

 

Absolute etching rates as a function of ion energy below the opaque, quartz and 

MgF2 windows, were also derived from a calibration of the Si emission (Fig. 7.7). The 

left hand side y-axis labels give the calibrated rates for the three window materials. In this 

calibration, the PAE etching rates for the opaque and quartz windows (10 and 13 nm/min, 

respectively) were used, since the transmission of the MgF2 window could have changed 

as a function of time. The calibration factor relating etching rate to Si emission obtained 

from these experiments was 2.5 times higher than the experiment with no window, i.e., 

for a given etching rate, the plasma beneath the window was 2.5 times less efficient in 

exciting Si emission than the plasma with no window. This is less than the factor of ~7 

decrease in Kr emission and plasma density and could perhaps be due to some 

enhancement in the concentration of Si-containing etching products beneath the window. 
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For etching rates with no window (“none” in the figure), multiply the left y-axis values 

by 9.4. The relative etching rates for the 4 sets of measurements were normalized at an 

ion energy of 70 eV, by multiplying by 1, 24, 26 and 25 for no window, MgF2, quartz, 

and opaque window, respectively, before plotting.  

Consistent with the absolute etching rates, the relative rates below the opaque and 

quartz windows do not differ significantly, and the etching rates below the MgF2 window 

at low ion energies are well above those found with the opaque window, due to the action 

of VUV light. The ion-assisted etching rates at 80 eV, obtained by subtracting off the 

photo-assisted rate at energies below threshold, were about 255 nm/min with no window, 

and 33, 37, and 31  3 nm/min beneath the opaque, quartz and MgF2 windows, 

respectively. This indicates that there is little or no synergistic enhancement in the ion-

assisted etching yield caused by VUV photons. Otherwise the ion-assisted rate beneath 

MgF2 would be larger than beneath quartz or the opaque window. The factor of 7.7 

reduction in ion-assisted etching beneath the windows is the same as the reduction in ion 

flux to the Si surface, as might be expected.  

It must be pointed out that the etching rates measured through step heights on 

masked samples are not consistent with rates determined from Si emission for all cases. 

There could be several factors causing these factor-of-about-two discrepancies. First, 

there is a strong proximity effect in etching rates near the edge of masked regions, 

especially when PAE dominates.
84

  Hence, it is unclear at what distance from the mask 

should step heights be taken. Second, the PAE process produces a rough surface. This 

leads to some difference between the amount of material removed (proportional to Si 

emission) and the step height. Step height measurements were always taken as the 
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maximum difference between the relatively smooth masked region and the fluctuating 

height of the rough etched regions, and hence will overestimate the average etching rate, 

given by Si emission, when surfaces are rough. Given the measured uncertainty in Si 

emission intensities and in step height measurements, the consistency between the two 

methods is reasonable.  

Interestingly, the thresholds for ion-assisted etching (colored arrows in Fig. 7.7, 

defined as the energy at which the ion-assisted etching rate drops to the photo-assisted 

etching rate) appears to be lower (~16 eV) when fewer VUV photons reach the surface 

than when these photons are allowed to reach the surface (threshold of ~36 eV). One 

possible explanation is that ion bombardment begins to suppress photo-assisted etching at 

an energy similar to the threshold for ion-assisted etching. Just above threshold, ion-

enhanced etching could be nearly balanced by ion-bombardment suppressed photo-

assisted etching until the PAE rates go to zero and the ion-assisted etching dominates. 

The net result would be an apparent increase in the threshold for ion-assisted etching. 

One mechanism that would lead to this is disruption of the sub-surface crystalline Si, 

which would cause an increase in electron-hole pair recombination and hence a loss of 

etching due to photoelectrons and/or holes. This type of ion-damage-induced loss of 

electron-hole pairs is responsible for the loss of laser-induced photoluminescence 

measured in situ in BCl3 plasma etching of GaAs.
170

  

7.6 Surface morphology after photo-assisted etching 

As can be seen in the cross-sectional SEMs in Fig. 7.3, surfaces are very rough 

after etching under conditions where ions do not have enough energy to induce etching. 
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A plausible explanation is that small patches of native oxide and/or carbonaceous 

contamination mask small regions on the wafer surface and prevent them from etching. 

XPS analysis of a pre-etched blanket samples revealed 3-5% oxygen, presumably due to 

native oxide which was not completely removed after HF treatment, and 3-5% of carbon. 

Erosion of reactor materials when etching commences could lead to the deposition of 

additional micro-masking material on the sample surface. 

Since the ion energy is too low (i.e., 6 eV) when no bias is applied, as is the case 

for the samples shown in Fig. 7.3, the contaminant-masked regions will etch with sloped 

sidewalls similar to those found for the lithographically-defined masked regions. This 

roughening mechanism is analogous to the process believed to be responsible for the 

formation of needles, or so-called “black silicon”, a problem that, early on, plagued 

reactive ion etching of silicon.
171,172

 By improving cleaning procedures for wafers prior to 

etching, moving away from gases such as CCl4, and choosing reactor materials that erode 

very slowly, micromasking and needle formation has been eliminated in ion-stimulated 

etching processes, no doubt made easier by the fact that sputtering helped to remove 

contaminants, preventing them from forming islands that then act as masks. With no bias, 

the very low ion energies used to study PAE are well below the threshold for sputtering 

of oxide and carbonaceous material; hence even monolayer thick patches are expected to 

remain, assuming no chemical or photo-assisted reactions for their removal. 

The roughness and surface morphology of etched silicon wafers was studied using 

a Veeco CP-ii atmospheric pressure AFM operating in contact mode using high 

resolution MSCT-AUNM silicon nitride probes (k=0.01-0.6 N/m, tip radius = 10 nm). 

Some images were also obtained in non-contact mode of operation using RTESPA silicon 
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probes (k= 20 – 80 N/m). 5 × 5 μm
2
 images were obtained at four different locations on 

etched silicon samples. The images were flattened using a second-order polynomial curve 

fit to compensate for bowing of the piezo tube. Root Mean Square (RMS) roughness was 

obtained from the AFM images as follows: 

                   √
 

 
∑

      ̅  

   
 
    ,           (7.1) 

where,  ̅ denotes the mean height of the data defined by the region and N is the number 

of data points in the region. RMS roughness was obtained by averaging over 4 different 

locations on the sample. 
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Figure 7.8    (a) Top down view of the etched surface showing the orientation of the crystallographic facets 

with respect to the {110} cleavage planes. (b) 3-dimensional image showing pyramid like 

features. (c) The {110} crystal planes that form the faces of the pyramid shaped features. 

 

Etched blanket Si (100) samples were examined by atmospheric pressure atomic 

force microscopy. Samples etched without bias in 50% Cl2 /50% Ar plasma were found to 

have relatively smooth surfaces, except for a few interspersed pyramid-shaped hillocks, 

as can be seen in Fig. 7.8. Starting with an initial RMS roughness of 0.44 nm, samples 
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etched for 30, 60 and 120 s exhibited RMS roughness of 0.65, 0.83, and 1.53 nm 

(excluding the hillocks), after etching away 175, 350 and 700 nm, respectively.   

The hillocks are much taller than the RMS roughness, and are likely the result of 

contaminants that mask the tips of the pyramids. The bases of the pyramids are oriented 

along {100} directions, at 45 angles with respect to the {110} cleavage planes, and are 

therefore along <100> directions, as seen in the top-down and tilted images in Fig. 7.8 (a) 

and (b). The angles measured with respect to the sample surface for the pyramid facets 

and along the edge between two facets were 47.44.8 and 39.23.7, respectively, for a 

sampling of several pyramids. These angles are close to the 45 and 35 angles expected 

if the pyramid facets are {110} planes, as depicted in Fig. 7.8(c). It therefore appears that 

photo-assisted etching rates, at least in chlorine-containing plasmas, depend strongly on 

the crystallographic plane. Specifically, {100} planes etch much faster than {110} planes, 

leaving behind micro-masked features with {110} facets. Crystallographic etching of 

silicon by atomic chlorine has been observed before. The (100) plane of p-type Si etched 

~10 to 100 times faster (depending on dopant concentration) than the (111) plane.
140

 This 

was attributed to steric hindrance on a closely packed Si(111) surface which reduced the 

number of favorable adsorption sites and penetration of relatively large Cl atoms into the 

Si lattice.
140

 Okano et al.
87

 also reported slower etching for Si(111), relative to Si(100) 

when lightly doped p-type Si was exposed to UV light and Cl2(g), though they also 

observed that, under the same conditions, this difference disappeared for heavily-doped 

p-type Si. Apparently, etching of Si(110) by Cl atoms, or through the interaction of 

chlorine and light, has not been studied. 
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Every other feed gas mixture plasma investigated (with zero bias) resulted in 

rougher surfaces than in Cl2/Ar plasmas, with HBr/Cl2/Ar exhibiting twice the roughness 

after 30 and 60 s of etching, and HBr/Ar maintaining a nearly constant RMS roughness of 

~4 nm after 30, 60 and 120 s of etching. Br2/Ar was the worst, exhibiting a RMS 

roughness of nearly 20 nm in the first 30 s of etching (37.5 nm removed), and then 

remaining at a nearly constant level of roughness after 60 and 120 s of etching (removing 

a total of 75 and 150 nm, respectively). The most likely explanation for the increased 

roughness with Br-content in the feed gas is the formation of oxygen and carbon-

containing residues.
173-175

 This leads to increased micro-masking and hence increased 

density of needle-like and/or faceted features that crowd together (Fig. 7.9). 

                           

Figure 7.9     5 m × 5 m AFM image of the surface of Si (100) after 50% Br2/50% Ar plasma exposure 

for 1 min without applied bias. 

7.7 Mechanisms for Photo-Assisted Etching 

Photo-assisted etching with visible or UV light is usually attributed to a charge 

transfer process in which photoelectrons are captured by Cl (or F).  Houle proposed that 

photo-assisted etching of Si by F is a result of photo-generated electron-hole pairs that 



119 

 

react to form F
-
 and –Si

+
-SiF3, which then combine to form –SiF and SiF3, with the SiF3 

promptly desorbing.
90

 Negative ions on the surface produce an electric field across the 

halogenated surface layer and into the underlying Si that assists sub-surface penetration 

by negative ions. It has also been proposed
176

 that under photon irradiation, the flat-band 

condition that moves the Fermi level toward the conduction band for p-type and lightly-

doped n-type Si, and increases the difference between the Fermi level and the electron 

affinity will cause an increase in the etching rate, as would be expected if etching 

proceeded by the Mott-Cabrera mechanism.
88,89

  

It has been suggested that the mechanism for photo-assisted etching of Si by Cl is 

different than that for F because the chlorinated surface layer consists of a single 

monolayer of SiCl.
177

 This clearly is not the case with exposure to ion (and simultaneous 

photon) bombardment,
178-180

 and may not even be the case for photo-assisted etching in 

the absence of ion bombardment after many monolayers of Si have been etched away. 

The primary desorption products are SiCl and SiCl2.
181

 Field enhanced diffusion of Cl
-
 

(i.e., the Mott-Cabrera mechanism) has also been invoked to explain etching.
87

 Photon-

stimulated desorption from chlorinated Si(111) by picosecond-pulsed laser irradiation at 

400 nm (3.1 eV) has been reported.
182

 The authors suggested that etching was due to 

multiple excitations caused by substrate hot carriers, since the photon energy of 3.1 eV 

was not enough to remove monochlorides (SiCl), whose bond energy to the Si substrate 

is 4.2 eV. Chen et al. observed a linear dependence on fluence in etching of 

monochlorinated adatom on a Si (111) surface, using 193 nm (6.3 eV photon energy) 

nanosecond pulsed laser irradiation. They concluded that a single-photon absorption 

induced etching of a single adatom.
183

 The amount of etching was 3.4 × 10
-8

 atoms per 
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photon for the 33% chlorinated surface, corresponding to an effective cross-section of σ 

=1.8 × 10
-22

 cm
2
 for the capture of a photon in an etching event.  

The most striking aspect of the present study is the large enhancement in photo-

assisted etching at the short VUV wavelengths. Radiation transmitted by a quartz window 

at wavelengths greater than 170 nm causes little or no detectable etching. Photons passed 

by the MgF2 window at wavelengths >120 nm are responsible for about 10% of the total 

photo-assisted etching, with the remaining ~90% apparently being caused by radiation at 

wavelengths below 120 nm. Electron-hole pairs are created in a region near the surface, 

within a characteristic depth of 1/k, where k is the absorption coefficient. If photo-

generated electron-hole pairs mostly recombine before reaching the surface, then the 

photo-assisted etching rate should scale inversely with absorption depth and hence should 

be proportional to k, if etching is simple due to the reaction of an electron or hole with the 

chlorinated surface layer.  k reaches a maximum of 2.2 × 10
6 
cm

-1
 at 4.3 eV (288 nm) and 

falls to 1.2 × 10
6 

cm
-1

 at 10 eV (124 nm),
184

 hence fewer carriers per incident photon 

should be created near the surface at wavelengths shorter than 288 nm. It is quite possible 

that there is relatively little light between 123.6 nm (the strong Kr line) and the onset of 

low absorption coefficients at wavelengths longer 376 nm (i.e., below the direct bandgap 

of Si at 3.3 eV). This could explain the substantial etching beneath MgF2, compared with 

little or no PAE (above the scattered light background) beneath quartz - the shortest 

wavelengths of plasma emission passing through quartz may be at energies below the 

direct bandgap energy of Si, thus these photo-generated carriers are created in a much 

thicker layer and much fewer of them reach the surface. 
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There is, however, some indirect evidence that the yields could fall off abruptly at 

wavelengths longer than 120 nm, meaning even if there is substantial amounts of light 

passing through quartz between ~170 and ~350 nm, it may not be very effective in 

causing etching. While photo-assisted etching of Si in the presence of chlorine has 

apparently not been studied at VUV wavelengths, VUV radiation-induced etching of 

GaAs with Cl2(g) and Si with XeF2(g) have been reported. For GaAs, yields of ~70 were 

found between 117 and 128 nm, while between 130 and 135 nm much smaller yields (~0-

10) were observed.
102

 For Si etching with XeF2, yields of ~100 were found near 112 nm, 

~1 between 130 and 170 nm, and near zero between 170 and 200 nm.
102

 Even more 

surprising, these authors concluded that most photons are not absorbed, but when one is, 

it initiates a chain reaction that causes ~10
5
 Si-containing products to desorb. 

In the present study, the etching rates appear to be very high. The VUV intensity 

was not measured, but it is likely to be a small fraction of the power delivered to the 

plasma. The surface area of the cylindrical discharge tube was about 600 cm
2
, hence the 

input power density was about 0.67 W/cm
2
. Woodworth et al.

145
 reported an absolute 

photon flux of 3.5 × 10
16 

cm
-2

s
-1

, integrated over the region between 70 and 130 nm. The 

power in their experiment (200 W), spread over the 345 cm
2
 area of their cylindrical 

plasma boundary, corresponds to nearly the same input power density (0.6 W/cm
2
) as for 

the current study. An etching rate for 50% Cl2/50% Ar plasmas of 350 nm/min (Fig. 7.2) 

corresponds to a Si-containing product flux of 2.9 × 10
16

 cm
-2

s
-1

. If the VUV flux in the 

present work were equal to that measured by Woodward et al., then the corresponding 

yield would be 0.8 Si atoms/photon. Reported photo-assisted etching yields are much 

lower for Si (100) in the presence of Cl2(g) with longer wavelength light.
91,92,185,186

  For 
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example, the yield was 3.34 × 10
-4

 Si atoms/photon at 248 nm and 6.46×10
-6

 Si 

atoms/photon at 308 nm using pulsed excimer lasers at a Cl2 pressure of 525 mTorr.
186

 

The yield was 2.88 × 10
-6

 Si atoms/photon at 488 nm and 2.13 × 10
-6

 Si atoms/photon at 

514.5 nm under continuous Ar
+
 laser irradiation in a 750 Torr Cl2 atmosphere.

92
 Kullmer, 

et al.
91

 found that with low laser fluence, etching was non-thermal and was based on 

direct interaction between photocarriers and C1 radicals. The large increase in yields at 

shorter wavelengths suggests some energy threshold for this process. One possibility is 

that direct excitation occurs that leads to the prompt desorption of a SiClx product. It is 

not likely, however, that the absorption cross section for such a process would be so large 

that every VUV photon would be absorbed in the ~1 nm thick surface layer. Even if this 

were to happen, photon absorption would need to lead to desorption of a product 

molecule nearly 100% of the time. 

Another possibility is that energetic carriers play a role in PAE. Carriers created 

by VUV absorption are initially quite energetic. Energy conservation requires that the 

photon energy hυ divides according to
187
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where   
  and   

  are the effective masses of the electron and hole, respectively, and Eg 

is the bandgap (1.12 eV for Si at room temperature).   
 /  and   

    for Si, based on 

the density of states, are 1.08 and 0.56, respectively,
188

 with me being the electron rest 

mass. Hence, )(34.0 ge EhE   and )(66.0 gh EhE   . 

Carrier-carrier collisions quickly thermalize these initially hot carriers and then 

carriers transfer energy to phonons and cool to the lattice temperature. These substrate-
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temperature carriers are then lost by recombination on much longer time scales. Hence, in 

the short time during which the carriers possess high energies, they may induce chemistry 

that does not occur for thermalized carriers that form more quickly with lower energy 

photons.  

If surface states pin the Fermi level energy (EF) near mid-gap, as is widely found 

to occur,
189

 then the conduction and valence band edges (energies EC and EV) bend 

downward. Hence, to reach the surface chlorinated layer, holes traveling toward the 

surface would need an energy normal to the surface in excess of a barrier energy,  

Eb  ½Eg + kT ln[NA/NV] ,            (7.3) 

where NV = 1.8 × 10
19

 cm
-3

 and NA = 2.7 × 10
14

 to 2.7 × 10
15

cm
-3

 are the density of states 

at the top of the valence band and acceptor number density, respectively, k is the 

Boltzmann constant and T is the substrate temperature. Hence Eb = 0.27 – 0.33 eV. Very 

few holes created with low energy photons would therefore be able to reach the surface, 

while those created with VUV photons could lose most of their energy and still be 

energetic enough to reach the Si surface region. Photoelectrons will see an attractive 

potential of Eb pulling them toward the surface. 

While electrons generated by 120 nm light initially possess barely enough energy 

(3.1 eV, from eq. 7.2) to break Si-Si bonds, it is unlikely that such “electron impact” 

dissociation would occur with unit efficiency, let alone with yields approaching 100 

etching products per photon that have been reported.
102

 Photo-electrons that do not 

recombine with holes would be pulled toward the surface and obtain at most an additional 

Eb = 0.3 eV due to band bending. It is expected that electrons born with 3.1 eV 

translational energy have a higher probability of reaching the surface before recombining 
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with holes at defect sites via the Shockley-Read-Hall (SRH) mechanism.
190

 Unlike low 

energy electrons, hot carriers that would have sufficient energy to avoid being trapped by 

the mid gap states created by these defects. Fardi, et al.
191

 saw evidence for this in 

AlGaAs/GaAs p-i-n photodiodes. They found that hot carriers were much more likely to 

avoid SRH recombination, allowing them to escape quantum well layers and be injected 

into adjacent layers. Perhaps these electrons are efficient at inducing surface reactions 

leading to etching. 

If energetic holes reach the chlorinated surface layer, they could lead to the 

irreversible breaking of Si-Si bonds. This could occur via several types of processes. For 

example, if a hole reaches the near-surface and resides on a Si atom that has bonds to 3 Si 

atoms and a SiCl3 group, the Si-SiCl3 bond could be weakened enough that SiCl3 desorbs. 

Holes can also migrate to a Si atom with one or more tensile-strained bonds to adjacent Si 

atoms, then the weakened single-electron bond, formed when the hole moves to one of 

the strained Si atoms, could rupture and the two Si atoms recoil from each to relieve the 

strain. Once the hole migrates to another Si atom, the two dangling bonds on nearby Si 

atoms would not reform a bond because they are too far apart. These Si atoms would then 

readily react with 2Cl and/or Cl2 to form two SiCl species. In both of these examples the 

hole is not lost in the process, hence it could catalyze more than one Si-containing 

etching product to form. Photo-assisted hole-catalyzed reactions have been reported. 

Ghosh and Bauld have found that electron acceptors (holes) in zeolites catalyze cyclo-

addition reactions.
192

 They report catalytic factors (products per hole) of 10
18

 or higher! 

Because photoassisted etching of Si is confined to the surface, and band bending would 
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likely push the hole into the bulk, it is difficult to envision how such a process could lead 

to yields of 50, let alone 10
5
, as has been reported.

102
 

An unresolved issue with the above explanation is the lack of hole-catalyzed 

reaction when low energy ions neutralize upon impinging on the silicon surface. When an 

ion approaches the surface, it is widely believed to be neutralized nearly 100% of the 

time, at a very close distance from the surface. In this process, an electron is removed 

from the valence band and, to conserve energy, a second, Auger electron is generated, 

along with another hole. Most of the time the Auger electron does not escape the solid, 

but occasionally it does. The substantial amount of energy divided between the electron 

and two holes created at the surface is rapidly dissipated until the carriers thermalize with 

the lattice and relax to the top of the valence band (holes) or bottom of the conduction 

band (Auger electron). One would expect these holes to play the same important role in 

accelerating etching as might the photo-excited holes. However, in a previous study it 

was shown that when all ion bombardment was blocked from the surface, relatively fast 

etching persisted with no change in rate. Hence ions with energies below the threshold 

for ion-assisted etching (~<15 eV) did not cause any etching. The reason may be that the 

Auger-generated holes have low energy compared to the VUV photo-generated “hot” 

holes. Again, low energy holes can’t overcome the potential barrier to be able to reach 

the surface and catalyze etching. 

In summary, etching of p-type Si (100) was studied in a rf inductively coupled 

plasma in Cl2, Br2, HBr, Br2/Cl2 and HBr/Cl2 gases diluted with Ar (50%-50%). A 

Faraday shield prevented capacitive coupling to the plasma, allowing for a low dc plasma 

potential (<10 V) and control of the energy of ions bombarding the substrate. Above a 
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threshold value, the Si etching rate increased with the square root of ion energy. Below 

that threshold, the etching rate was independent of ion energy and was determined to be 

due to photo-assisted etching (PAE), except for a small contribution of isotropic chemical 

etching by H atoms in HBr-containing plasmas. Isotropic etching was observed as mask 

undercut in SEM cross sections of patterned wafers. For the gas mixtures investigated, 

HBr/Cl2/Ar and Br2/Ar exhibited the fastest and slowest PAE etching rate, respectively. 

Experiments using a window of different materials above the sample to selectively allow 

different wavelengths to strike the surface, as well as etching rate measurements based on 

the calibrated intensity of the 2882 Å Si emission line, showed that photo-assisted etching 

at VUV wavelengths was much more effective in etching Si compared to longer 

wavelengths. The PAE rate scaled with the product of the intensity of the Ar 750.4 nm 

emission line and the halogen (Cl and/or Br) surface coverage, determined by XPS. SEM 

and AFM pictures revealed that PAE results in rough surfaces, probably due to the 

inability of low energy ions in removing surface contaminants that act as micromasks. 

Cl2/Ar and Br2/Ar plasmas resulted in the smoothest and roughest surface, respectively. 

In general, the surface roughness increased with increasing exposure to the plasma. 

Photo-assisted etching in Cl2/Ar plasmas resulted in the formation of 4-sided pyramidal 

features with bases that formed an angle of 45 with respect to <110> cleavage planes, 

suggesting that photo-assisted etching can be sensitive to crystal orientation. The most 

striking feature of this work was the strong enhancement of the PAE rate at the short 

VUV wavelengths, with photon yields estimated to approach or even exceed unity. This 

may be due to the generation of hot carriers (specifically holes) at these short 

wavelengths. Such holes must have enough energy to overcome the potential barrier and 
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reach the chlorinated surface where they can initiate a chain reaction with a high overall 

yield. 
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CHAPTER 8 

CONTROL OF ELECTRON ENERGY DISTRIBUTION FUNCTION 

USING A DUAL TANDEM PLASMA SYSTEM 

8.1 Control of electron temperature and EEDF 

The evolution of electron temperature is shown in figure 8.1 for three cases: (1) 

only the lower plasma (main ICP) is ON. (2)  both plasmas are ON, and the boundary 

electrode is grounded. (3) both plasmas are ON, and the boundary electrode is biased 

with +60 Vdc.  
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Figure 8.1   Time-resolved Langmuir probe measurements of electron temperature. Squares: only the lower 

plasma is ON (case 1); circles: both plasmas are ON w/o BE bias (case 2); triangles: both 

plasmas are ON with +60 V BE bias (case 3).  
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In Fig. 8.1, the plasma is turned ON (start of activeglow) at time t ~ 5 μs and OFF 

(start of afterglow) at t ~25 μs. The afterglow lasts for 80 s.  In each case, the electron 

temperature increases rapidly and overshoots at the beginning of the activeglow, and then 

reaches a quasi-steady state, at which Te  is ordered as: Te (both plasmas ON w/o BE bias) 

≈ Te (both plasmas ON w/BE bias) > Te (only lower plasma ON). Right after the lower 

plasma power is turned OFF, Te drops precipitously within 10 μs and reaches a low, 

almost constant value for the remainder of the afterglow. This quasi-steady state Te is 

0.21 eV, 0.98 eV and 0.65 eV, for cases (1), (2) and (3) respectively.   

The behavior of case (1) is well understood.
193

 The electron temperature increases 

at power ON, as the plasma heating field is established. Te overshoots as power is 

delivered to a smaller number of electrons initially, since the electron density increases 

slower that Te. If enough time is allowed in the activeglow, Te will approach a quasi-

steady value. When plasma power is turned OFF, inelastic e-neutral collisions and 

diffusion cooling result in fast decay of Te. After a few s, Te is too low for electrons to 

engage in any inelastic process in argon, and diffusion cooling becomes dominant. The 

electron temperature eventually decays to a low value.  

Based on the measured electron density and temperature, the sheath thickness was 

estimated to be ~200 μm by using the Child law formula.
4
 This is much smaller than the 

holes (2400 μm) of the grid separating the two sources. Therefore, one would expect 

some plasma “oozing” out of the grid holes,
16

 but otherwise the lower plasma is well 

confined.
65 

 When the upper plasma is also ON (case 2), the quasi-steady Te increases 

from 2.8 eV to 3.1 eV in the activeglow, and from 0.21 eV to 0.98 eV in the afterglow.  
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The Te of the upper and lower plasmas, with each operated separately in cw mode, 

was measured at the same location (z=210 mm, in the lower plasma) to be 4.5 eV and 3.0 

eV, respectively, i.e., the upper source produces hotter electrons. Hence the potential 

distribution in the two plasmas (at steady state) is expected to be as shown in Fig. 8.2 

(black lines).  

                             

Figure 8.2    Potential distribution (not to scale) in the dual tandem plasma source, at steady state operation 

for a grounded grid. Black curves: potential profiles without any bias on the boundary 

electrode. Red curves: potential profiles with positive dc bias on the boundary electrode.   

 

It follows that only high energy electrons (which can overcome the potential 

barrier in the upper plasma) can be injected from the upper plasma to the lower plasma. 

As soon as they go through the grid these electrons are free to move in the lower plasma. 

Energetic electrons (which can overcome the potential barrier of the lower plasma) are 

also injected from the lower to the upper plasma. Therefore electron injection is 

bidirectional. On the other hand, positive ions can only be injected from the upper plasma 

to the lower plasma since positive ions can’t overcome the potential barrier in the 

opposite direction (see Fig. 8.2). To maintain electroneutrality, the net (electron minus 

ion) particle flux from the upper to the lower plasma must be equal to the electron flux 
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from the lower to the upper plasma. This results in a larger electron flux from the lower 

to the upper plasma, actually leading to a measured decrease of electron density (not 

shown) in the lower plasma in case 2 compared to case 1. However, since the electrons 

injected from the upper plasma to the lower plasma are more energetic than those injected 

in the opposite direction, the quasi-steady Te of the lower plasma increases when the 

upper plasma is also ignited (compare cases 1 and 2). 

When the lower plasma is OFF, its EEDF cools down to the point that electrons 

do not have enough energy to overcome the potential barrier and be injected from the 

lower to the upper plasma. Nevertheless, hot electron injection still occurs from the upper 

to the lower plasma (since that plasma is in cw mode), causing Te in the afterglow to 

increase by a factor of ~5 (from 0.21 to 0.98 eV). When both plasmas are ON and a 

positive bias is applied to the boundary electrode, (case 3), the plasma potential Vp is 

raised (fig. 3, red curves), as positive bias drains electrons from the plasma, so that all but 

the very high energy electrons remain confined in the plasma. Since a much smaller 

number of high energy electrons from the upper plasma are allowed to enter the lower 

plasma (compared to case 2), Te in the afterglow of the lower plasma drops from 0.98 eV 

to 0.65 eV.  

Time-resolved EEPFs are plotted in Fig. 8.3 for the same operating conditions 

given above. Time t=24 μs is one microsecond before the start of the afterglow and t=98 

μs is seven microseconds before the start of the activeglow. The quasi-steady state EEPFs 

(at t=24 s) exhibit a bi-Maxwellian character, with a bulk temperature higher than the 

tail temperature due to depletion of high energy electrons by e-neutral inelastic collisions. 

The EEPFs late in the afterglow are Maxwellian-like (excluding the noise of the tail of 
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the distribution). The electron temperature (inverse slope of the distributions) follows the 

order discussed above, i.e., Te (both plasmas ON w/o BE bias) > Te (both plasmas ON 

w/BE bias) >  Te (only lower plasma ON). 
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Figure 8.3    Time-resolved electron energy probability functions (EEPFs). Squares: only the lower plasma 

is ON (case 1); circles: both plasmas are ON w/o BE bias (case 2); triangles: both plasmas 

are ON with +60 V BE bias (case 3). Filled symbols: t=98 s, Empty symbols: t=24 s.  

8.2 Control of plasma densities 

Time-resolved electron density and ion current collected by the Langmuir probe 

are shown in figure 8.4(top) and 8.4(bottom), respectively. The ion density (not shown) 

was found to be in agreement with the electron density to within less than 20%. The 

small discrepancy may be due to ion-neutral collisions in the sheath over the Langmuir 

probe, that come into play for a probe bias voltage more negative than -10 V at a pressure 

of 10 mTorr.
65

  The electron density is ordered as: ne (only lower plasma ON) > ne (both 
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plasmas ON w/BE bias) > ne (both plasmas ON w/o BE bias), and  ranged from 5×10
10

 

cm
-3

 to 4.5 ×10
11

 cm
-3

.   
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Figure 8.4  Time-resolved Langmuir probe measurements of electron density (top) and ion current 

(bottom). Squares: only the lower plasma is ON (case 1); circles: both plasmas are ON w/o 

BE bias (case 2); triangles: both plasmas are ON with +60 V BE bias (case 3). 
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The small decrease in the plasma density when both plasmas are ON is probably 

due to net effect of bidirectional plasma diffusion through the metal grid. As explained 

above the flux of electrons from the lower to the upper source is larger than the flux of 

electrons in the opposite direction. On the other hand, application of a positive dc bias on 

the boundary electrode increases the potential barriers and confines most of the electrons 

from diffusing, and increasing the electron density. As reported in previous work,
5
 the 

plasma density does not decay much during the 80 ms long afterglow. This is attributed 

to transport of electrons from the higher density central region of the plasma to the edge 

region, balancing the loss of plasma due to diffusion from the edge. The ion current was 

ordered as I+ (both ON w/BE bias) > I+ (both ON w/o BE bias) > I+ (only lower plasma 

ON) contrary to the plasma density ordering. This is because the ion current scales with 

the product ne x Te
1/2

. The electron temperature increase by the tandem system more than 

compensates for the density drop, resulting in an ion current increasing in the late 

afterglow from 0.10 mA (case 2) to 0.15 mA (case 3). 

In summary, a plasma reactor system incorporating dual tandem plasma sources 

separated by a grounded grid was developed to manipulate the EEDF. By pulsing the 

main plasma source, while maintaining the tandem source in continuous wave mode, a 

low electron temperature of ~1 eV at high plasma density (10
11

 cm
-3

) was realized. This 

is achieved by applying a dc bias to a boundary electrode in the tandem source. The 

electron temperature can be controlled by changing that bias voltage. Results are 

explained based on the expected potential distribution in the two plasmas. It should be 

remarked that low electron temperature at high density is important for controlling gas 

dissociation and ionization in glow discharges and for ameliorating charging damage.  
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CHAPTER 9 

CONCLUSION 

 

9.1 Control of ion energy distributions using pulsed plasmas 

As feature size shrink down to nano-scale, precise control of the ion energy 

distribution (IED) is now critical for highly selective and low damage etching. In this 

study, a retarding field energy analyzer was employed to study ion energy distributions 

on a grounded substrate in contact with a Faraday-shielded argon inductively coupled 

plasma (ICP). A movable Langmuir probe (LP) was used to measure space- and time-

resolved plasma parameters along the axis of the discharge tube. Nearly mono-energetic 

IEDs were successfully extracted using pulsed plasmas with synchronously pulsed dc 

bias on a boundary electrode.  

Both continuous wave (cw) and power modulated (pulsed) plasmas were 

investigated. For a cw plasma without any bias voltage applied, the IED exhibited a 

single broad peak at VP. The single-peaked IED shifted to higher energies by the 

application of a continuous positive dc bias on a “boundary electrode” in contact with the 

plasma.  

By employing a pulsed plasma and a pulsed, synchronous dc bias on the boundary 

electrode during the afterglow, the energies of the two peaks, as well as the separation 

between the peaks, could be precisely controlled. Nearly mono-energetic IED can be 

obtained in the late afterglow of an argon plasma. This is important for practical etching 
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processes which require very high selectivity and low physical damage of material. The 

full width at half maximum of the sharp peak correlated with the electron temperature 

during the afterglow. The FWHM could be made smaller by extending the afterglow 

duration (smaller duty ratio or smaller plasma power modulation frequency), applying the 

synchronous dc bias at later times in the afterglow, or extending the time window in the 

afterglow during which dc bias was applied. All these situations were characterized by a 

lower Te during the application of dc bias, resulting in smaller FWHM of the respective 

IED. Ion–neutral collisions, especially in the presheath, and transients in the plasma 

potential during the application and cessation of the dc bias in the afterglow, could be 

contributing to the broadening of the IEDs beyond the resolution of the RFEA. 

IEDs were measured near the edge of pulsed inductively coupled plasmas in Ar, 

Kr, or Xe gas, while applying a synchronous dc bias, on a boundary electrode, during a 

specified time window in the afterglow. The IED in Ar was narrower than that in Kr, 

which in turn was narrower than the IED for Xe. This ordering was explained by the 

time-dependent behavior of the electron temperature and plasma potential for the three 

gases. Within a very short time after the beginning of the afterglow, the ordering of the 

electron temperatures was Te (Xe)>Te (Kr)>Te (Ar), consistent with the ordering of the 

widths of the IED in the different noble gases, which scale with Te because of collisions 

in the presheath. Vp also decreases with time during the application of bias in the 

afterglow, causing an additional broadening of the IED, due to a drift in the sheath 

potential. The measured electron temperature decay in the afterglow was accurately 

predicted by a global model. 
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9.2 In-situ photo-assisted etching of silicon 

In this study, we found a new, important phenomenon: photo-assisted etching of 

p-type Si in a plasma. Considerable etching of p-type silicon was observed, independent 

of energy, even for ions with energies below the 16 eV threshold in Cl2/Ar plasmas. Such 

“sub-threshold etching” of p-type Si in a plasma has not been reported previously. Etched 

features showed no mask undercut, confirming that there was no spontaneous etching of 

p-type Si by Cl atoms. Ar metastables could not be responsible either, since sub-threshold 

etching was also observed in pure chlorine plasmas. Ions with sub-threshold energy were 

also shown not to cause etching: when all ions were repelled from the sample surface, 

sub-threshold etching persisted. Finally, by using grids to prevent ions from reaching the 

sample, while allowing most of the plasma-generated light to irradiate the sample, it was 

shown conclusively that the sub-threshold etching was due to photo-assisted etching by 

chlorine. In particular, it was found that photo-assisted etching was dominated by light 

with wavelength less than 1700 Å. 

For p-type and presumably undoped or lightly doped n-type Si, the photo-assisted 

etching rate is significant, compared to ion-assisted etching, for processes that require 

low ion energies (10s of eV) to achieve high selectivity and low damage, such as atomic 

layer etching. In addition, photo-assisted etching likely plays an important role in the 

evolution of features with sloped sidewalls during Si etching in chlorine-containing 

plasmas.   

Etching of p-type Si (100) was also studied in a rf inductively coupled plasma in 

Cl2, Br2, HBr, Br2/Cl2 and HBr/Cl2 gases diluted with Ar (50%-50%). Above a threshold 

value, the Si etching rate increased with the square root of ion energy. Below that 
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threshold, the etching rate was independent of ion energy and was determined to be due 

to photo-assisted etching (PAE), except for a small contribution of isotropic chemical 

etching by H atoms in HBr-containing plasmas. For the gas mixtures investigated, 

HBr/Cl2/Ar and Br2/Ar exhibited the fastest and slowest PAE etching rate, respectively. 

Experiments using a window of different materials above the sample to selectively allow 

different wavelengths to strike the surface, as well as etching rate measurements based on 

the calibrated intensity of the 2882 Å Si emission line, showed that photo-assisted etching 

at VUV wavelengths was much more effective in etching Si compared to longer 

wavelengths. The PAE rate scaled with the product of the intensity of the Ar 750.4 nm 

emission line and the halogen (Cl and/or Br) surface coverage, determined by XPS. SEM 

and AFM pictures revealed that PAE results in rough surfaces, probably due to the 

inability of low energy ions in removing surface contaminants that act as micromasks. 

Cl2/Ar and Br2/Ar plasmas resulted in the smoothest and roughest surface, respectively. 

In general, the surface roughness increased with increasing exposure to the plasma. 

Photo-assisted etching in Cl2/Ar plasmas resulted in the formation of 4-sided pyramidal 

features with bases that formed an angle of 45 with respect to <110> cleavage planes, 

suggesting that photo-assisted etching can be sensitive to crystal orientation. The most 

striking feature of this work was the strong enhancement of the PAE rate at the short 

VUV wavelengths, with photon yields estimated to approach or even exceed unity. This 

may be due to the generation of hot carriers (specifically holes) at these short 

wavelengths. Such holes must have enough energy to overcome the potential barrier and 

reach the chlorinated surface where they can initiate a chain reaction with a high overall 

yield. 
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9.3 Control of electron energy distribution functions using a tandem 

plasma system 

A plasma reactor system incorporating dual tandem plasma sources separated by a 

grounded grid was developed to manipulate the EEDF. By pulsing the main plasma 

source, while maintaining the tandem source in continuous wave mode, a low electron 

temperature of ~1 eV at high plasma density (10
11

 cm
-3

) was realized. This is achieved by 

applying a dc bias to a boundary electrode in the tandem source. The electron 

temperature can be controlled by changing that bias voltage. Results are explained based 

on the expected potential distribution in the two plasmas. It should be noted that low 

electron temperature at high density is important for controlling gas dissociation and 

ionization in glow discharges and for ameliorating charging damage. 
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