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Chapter 1 Introduction 
 
1.1 Trend in Future Scale Integrated Circuits 

 

The semiconductor industry has developed by the rapid pace of improvement 

of cost, speed, and power in its products for more than four decades. Most of 

improvements have been accomplished principally by the industry’s ability to 

exponentially decrease the minimum feature sizes used to fabricate integrated circuits. 

The most frequently cited trend is in integration level, which is usually expressed as 

Moore’s Law (that is, the number of components per chip doubles roughly every 24 

months). The most significant trend is the decreasing cost-per-function, which has led 

to significant improvements in economic productivity and overall quality of life 

through proliferation of computers, communication, and other industrial and 

consumer electronics. All of these improvement trends, sometimes called “scaling” 

trends, have been enabled by large R&D investments. First dynamic random access 

memory (DRAM) developed in 1970 was 1 Kbit in capacity, 1 Gbit DRAM was 

developed in 1998. A microprocessor (MPU) developed in Intel Corporation in 1971 

consisted of about 2,300 transistors, and was operating at 108 kHz of clock frequency. 

On the other hand, Pentium(R) 4 processor™ developed in 2001 consisted of 55 

million transistors, and was operating at 2.2 GHz of clock frequency. Recently, Intel 

Corporation has commercialized the 45nm Intel® Core™ i7 Processor in 2009, 

formerly known as Nehalem. This is a complex system on a chip with multiple 

functional units and multiple interfaces, including four cores, transistors of 731 

million, and 8MB of cache size and operating at frequency higher than 3.6 GHz [1]. 

Table 1.1 shows the interconnect technology requirement for MPU and DRAM, 

which International Technology Roadmap for Semiconductors (ITRS) showed [2]. The 

wafer diameter has become larger for enhancing the device yield and cost-effective 
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products. The density of interconnect in a chip has increased. For this purpose, the 

interconnecting technology is getting more complicated. 

 

Table 1.1 Interconnect technology requirements  

Year of Production 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 

MPU/ASIC Metal 1 ½ 

Pitch (nm)(contacted) 
45 38 32 27 24 21 19 17 15 13 

DRAM ½ Pitch 

(nm)(contacted) 
45 40 36 32 28 25 23 20 18 16 

Wafer diameter 300 300 450 450 450 450 450 450 450 450 

Total interconnect 

length (m/cm2) 
2222 2643 3143 3737 4195 4709 5285 5933 6659 7475 

 

 

In commercial way, almost all semiconductor electronic devices are made on 

inorganic materials (basically silicon). Recently, organic materials have been introduced 

to electronic devices such as mechanically flexible computers and displays [3-4]. The 

flexible electronic devices have begun to make significant inroads into the commercial 

world. Organic semiconductors on flexible substrates have been known [5]. But 

achieving electronic properties comparable to those on inorganic materials such as 

silicon or glass requires high-quality crystals [6], and these cannot easily be made in the 

necessary thin-film form by the vapor-deposition methods and etching techniques 

typically used in microelectronics fabrication. In other words, the advance in flexible 

electronics stems from the ability to deposit or etch films on a variety of low-cost 

substrates such as plastic or metal foils.  
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1.1.1 Multi-Layered Structure 

 

The most common element of integrated circuit (IC) for MPU and memory in 

personal computers are the complementary metal-oxide-semiconductor (CMOS). A 

cross section of the basic structure of CMOS multilevel wiring is shown in Fig. 1.1 [7]. 

Traditional CMOSs have been based on aluminum (Al) conductor and silicon oxide 

(SiO2) dielectric as interlayer insulating film. The SiO2 layer is deposited by a chemical 

vapor deposition (CVD) process and the planarization of interlayer insulating film by 

chemical mechanical polishing (CMP) has accelerated miniaturization. Layered 

aluminum (Al) alloy films are deposited by sputtering and patterned by plasma etching. 

The tungsten (W) plug is formed by CVD followed by etchback or CMP process. 

During the IC manufacturing, the photolithography and plasma etching for via pattern 

and metal lead pattern, titanium nitride (TiN) conductor deposition, and photoresist strip 

are also performed. Plasmas are used for etching and film deposition in ULSI processes.  
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Fig. 1.1 Cross section of CMOS LSI multilevel wiring structure. 

 

 

1.1.2 Resistance-Capacitance (RC) Delay 

 

 One of important problems for microelectronics today is unacceptable delay of 

electric signal propagation through metal interconnects by the resistance (R) in the 

metal lines and the capacitance (C) between adjacent metal lines. In advanced logic 

devices, the number of interlayer dielectrics has increased. This multilevel 

interconnection process requires several kilometers of metal in one chip. Figure 1.2 
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shows a total signal delay plotted against technology node [8]. The total signal delay is 

determined by the sum of gate and interconnect delays. The gate delay decreases 

monotonously due to the reduction of gate length. As the technology generation 

decreases down to 0.25 µm, the delay component from the transistor gates dominates, 

and the total signal delay decreases monotonously. However, below 0.25 µm generation, 

the interconnection delay dominates the total signal delay in ULSI, and total signal 

delay increases exponentially. The interconnect delay τ is related to the product of 

wiring resistance R and parasitic capacitance C as  

 

  .      (1.1) 

 

The resistance of wiring metals and the parasitic capacitance of interlayer dielectrics 

must be reduced to improve signal transmission rate. In order to reduce the wiring and 

capacitance, low electric resistivity metals and interlayer films with lower dielectric 

constants (low-k) are required. Aluminum (Al) and Al alloys have been used 

traditionally as interconnecting materials. Three elements exhibit lower resistivity than 

Al: gold (Au), silver (Ag) and cupper (Cu). Among them, Au has the highest resitivity. 

Although Ag has the lowest resistivity, it has the poor electromigration resistance as 

well as an agglomeration problem. Cu offers good mechanical and electrical properties. 

The resistivity of Cu is about 40% less than that of Al. The self-diffusivity of Cu is also 

the smallest among the four elements, resulting in improved reliability. The viewpoint 

of cost also support Cu, Cu is cheaper than Au and Ag. Therefore, Cu is the most 

adapting material for deep submicron interconnects. Another of the effective methods to 

reduce wiring capacitance is the introduction of interlayer material with low-k. The 

capacitance exists between interconnect wirings as shown in Fig. 1.3. 

CR×∝τ
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Fig. 1.2 Propagation delay plotted against technology node [7]. 

 

 

              

R: Resistance of wiring pattern 

C: Capacitance between metal layers 

 

Fig. 1.3 Model of wiring resistance and parasitic capacitance. 
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The signals in ULSI are transmitted with charging and discharging these capacitances. 

Therefore, the signal transmission rate becomes lower with the increase of C by the 

advance of miniaturization and integration. Electric capacitance C is given by  

 

C = !0ke
SC
d

,      (1.2) 

 

where SC is the area of electrode, d is the distance between electrodes, and ε0 and k are 

the permittivity of vacuum and the relative dielectric constant, respectively. Based on 

the scaling law, C decreases to 1/ks, since SC and d decreases to 1/ks
2 and 1/ks, 

respectively. However, the interconnection delay (R×C) as Eq. (1.1) does not change, 

since R (≈ ρl/SR) increases to ks. Where SR and l are the area and length of wiring, 

respectively, and ρ is the electric conductivity. Therefore, in order to reduce parasitic 

capacitance, the reduction dielectric constant ke by replacing interlayer dielectric 

material is effective.  

The improvement of chip performance will be greater when Cu is combined 

with low-k dielectrics. As shown in Fig. 1.2, it is possible to decrease the total signal 

delay to about quarter by adopting Cu/low-k dielectric as compared with traditional 

Al/SiO2 (k = 4.0) interconnects at the 0.1 µm generation node.  
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1.2 Interlayer Film with Low Dielectric Constant 

 

 The dielectric constants of interlayer are required lower than 4.0 since that of 

SiO2, which is traditionally used, is 3.9 – 4.1. Transition timing and decreased 

maximum bulk k range are shown in Fig. 1.4 [2]. The dielectric constant of interlayer 

has decreased gradually lower than expected. ITRS expects this tendency keep going 

and the dielectric constant of 2.0 will be required in 2016. Any process change in 

semiconductor industry is difficult, however, choosing a new dielectric material has 

been an exercise in trying to find a low-k dielectric film with electrical thermal and 

mechanical properties comparable to or better than those of SiO2. Low-k materials are 

required to have many properties. Several of the more important properties of a 

dielectric are good thermal stability, good adhesion, etch and strip resistance, 

commercial availability and low cost of production [9,10]. 

 

 
 

Fig. 1.4 Transition timing and decreased maximum bulk k range [2].  
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Table 1.2 Dielectric material candidates 

  Materials Application k value 

Inorganic 

Material 

SiO2 CVD 3.9 - 4.5 

Fluorosilicate Glass (FSG) CVD 3.2 – 4.0 

Hydrogen Silsesquioxane (HSQ) Spin-On 3.1 – 3.4 

Hybrid 

Material 

Black Diamond™ CVD 2.7 – 3.3 

SiOCH CVD 2.6 – 2.9 

Methyl Silsesquioxane (MSQ) Spin-On 2.6 – 2.8 

Organic 

Material 

Benzocyclobutene (BCB) Spin-On 2.6 – 2.7 

B-staged Polymer (SiLK™) Spin-On 2.6 – 2.7 

Poly (arylen ether) (FLARE™) Spin-On 2.6 – 2.8 

Amorphous Fluorocarbon Film (a-C:F) CVD 2.3 

 

 

 

However, finding those with the required chemical, mechanical, electrical and thermal 

properties to be used in IC applications is more difficult. Table 1.2 provides a list of 

recognized dielectric material candidates. Low-k materials have been proposed through 

various kinds of processes such as plasma-enhanced chemical vapor deposition 

(PECVD) and spin-on-glass (SOG) techniques [11]. The dielectric properties of films 

are influenced by their chemical compositions and structures such as packing density 

and porosity. The candidates for low-k materials are classified into three groups: (1) 

inorganic films such as fluorinated silicon oxide (SiOF) [12-15] and porous silica, (2) 

hybrid materials composed of organic and inorganic components such as 

methylsilsesquioxane (MSQ) [16], SiOCH film [17], and (3) organic polymers such as 

FLARE™[18], SiLK™[9], benzocyclobutene [19], and amorphous fluorocarbon film 
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(a-C:F) [20,21]. Many kinds of insulating films with relatively low dielectric constant 

were proposed as an alternative to conventional interlayer insulating dielectric film of 

SiO2.  

The etching of low-k organic films can be performed without employing 

perfluorocarbon gases. Therefore, the adoption of low-k organic films has the advantage 

of reducing the emission of perfluorocarbon gases of high global warming potential 

(GWP). For this reason, some low-k organic films are used as interlayer insulation films 

at the present time. The development of high-performance interconnection technologies 

including the etching of low-k films has also improved device performance. 

Generally, inorganic materials have better thermal, mechanical stability and 

film adhesion during integration processing. However, these materials have higher 

dielectric constants and more moisture absorption than organic materials. The 

significant reduction of dielectric constant below 2.5 would be realized by introducing 

porous structure in the film such as porous SiOCH film [22-24]. Nevertheless, these 

materials have the poor mechanical strength and easily absorb moisture that increases 

the dielectric constant. Many problems which must be improved are left in order to 

introduce these materials into a semiconductor process. Hybrid materials have attracted 

much attention due to their higher thermal and mechanical stability than organic 

materials. Among these materials, SiLK™ and the porous SiOCH film are considered to 

be adaptive materials for the interlayer low-k film. On top of that, these materials can be 

introduced to hybrid dual-damascene process, which is used to create the multi-level, 

high-density metal interconnections [25,26]. Fig. 1.3 shows schematic cross sections of 

the dual-damascene fabrication process for the hybrid interlayer dielectric structure. 

This process has following advantages: (a) etch stop layer can be removed, (b) less 

number of processes (around 30% less), (c) low cost. Sample structures of organic 

low-k material and porous SiOCH film are shown in Fig, 1.4 (a) and (b). 
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Fig. 1.3 Schematic diagram of hybrid dual-damascene fabrication process [21]. 

 

 

(a) 

 

(b) 

 
 

Fig. 1.4 Sample structure of (a) organic low-k material (FLARE™) [15] and (b) hybrid 

low-k material (porous SiOCH) [23]. 
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1.3 Plasma Processing for Low-k Dielectrics 

 

 Plasma processing such as etching and photoresist stripping (ashing) are 

essential components for semiconductor fabrication. The process can be chemically 

selective, removing one type of material while leaving other materials unaffected, and 

can be anisotropic, removing material at the bottom of a trench while leaving the same 

material on the sidewalls unaffected. These plasma processing systems are employed in 

industry for fabrication of integrated circuits and electronic devices. The primary goal 

of etch process is to precisely transfer the features on mask material into the exposed 

underlying material. The ash process should be achieved for removing photoresist mask 

without severe damage on the target material. These processes should be performed 

with the control of the sidewalls of the etched feature and the degree of undercutting. In 

addition to this capability, plasma processes require high selectivity to the mask and 

silicon substrate, controllability of shape of target material, dimension accuracy, high 

etching rate, uniformity, and causing low damage on the target material [27].  

Plasma etching has basic requirements, the generation of radicals, ions and 

acceleration of the ions to target material. Once the ions reach the target, the ions can 

either physically or chemically remove atoms from the substrate [28,29]. The radicals 

diffuse thermally onto the wafer surface since they are electrically neutral. While the 

ions are accelerated perpendicularly to the wafer surface by a sheath field and then 

bombard the wafer surface. In common case of the plasma etching, the ion 

bombardment on the wafer is enhanced by applying an RF bias power to wafer as 

shown in Fig. 1.5. The radicals and ions reached the wafer react on the surface. The 

etching reactions add byproducts to the plasma. The byproducts are exhausted together 

with other products from the plasma by a pump system. These processes proceed by 

reactions between a wafer surface and gas species in the plasma [30]. Therefore, 

internal plasma parameters (electron density, electron temperature, substrate 
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temperature, radical and ion density etc.) are closely connected with the process 

performance [31,32].  

 

 

Fig. 1.5 Schematic diagram of etching process in case of low-k film employing H2/N2 

gas chemistry. 

 

 

1.3.1 Fine Pattern Profile of Low-k Organic Materials 

 

It is clear that a series of difficult process integration steps must be successfully 

completed, especially when low-k materials are utilized. Difficulty in control of feature 

profile is noticeable in organic material etching process because organic materials have 

mechanical and chemical instability compared with inorganic or hybrid materials as 

shown in Fig. 1.6. Side etching, which causes bowing and microtrenching, occurs easily 
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on low-k organic film [32-36]. On top of that, since ongoing trend in the semiconductor 

industry has been a need to fabricate integrated circuits with more transistors on a 

smaller area and acceptable error is less than 10%, a process with a few nm order 

precise etching of low-k material will be required in near future.  

In general, plasma processes are controlled by adjusting external parameters 

such as gas pressure, discharge power, and mixture ratio of gases. However, in these 

processes, it is difficult to obtain the reproducibility of etching characteristics by 

employing different types of etching equipment since plasma characteristics vary with 

mechanical variations, such as the type of plasma source and reactor size. The etching 

of low-k organic films should be carried out with control of internal plasma parameters. 

If one applies the knowledge obtained about etching properties to the development of 

various apparatus, external parameters such as plasma excitation power input and gas 

pressure will be incoherent with other apparatus. Conversely, the information compiled 

with internal plasma parameters is extremely useful, and etching performance can be 

expressed uniquely and independently of the type of apparatus used. Thus, we focused 

on compiling etch properties with respect to internal parameters and investigated an etch 

mechanism for realizing highly precise control of the profiles of etch features in low-k 

organic films. Precise control of etched feature profile of low-k organic films will be 

discussed in Chapter 3. 
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Fig. 1.6 Schematic diagram of side etching on low-k organic film. 

 

 

1.3.2 Plasma Damage on Porous Low-k Materials 

 

Porosity in low-k materials brings in serious issues since the main integration 

difficulties with such materials are their sensitivity to plasma exposures leading to a 

change of the film structural properties as shown in Fig. 1.7. The device performance 

and reliability of the porous low-k materials are degraded when they are exposed to 

plasma processes such as etching and ashing during microfabrication [37]. Since film 

modification is usually observed during an ash plasma process, a process with highly 

precise etching of porous low-k material and low damage resist stripping process are 

required. O2 based ash plasmas tend to oxidize the porous SiOCH films converting the 

top layer into a hydrophilic SiO2-like material generating a strong increase of the 

dielectric constant [38-41]. In order to reduce this type of damage, several research 

groups have investigated the damage generation mechanism and attempted to prevent 

degradation [42-48]. Posseme et al. have investigated effect of remote H2/Ar, NH3 

plasmas and revealed that NxHy, H, and N radicals react with SiOCH matrix leading to 
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the modification and increase of dielectric constant is mainly attributed to the moisture 

uptake [49]. On top of that, effect of light radiation in region of vacuum ultra-violet 

(VUV) and ultra-violet (UV) in plasma etching process have been pointed out [50-54].  

However, the degradation mechanism of porous low-k films induced by plasma 

processes has been investigated only by ex situ experiments. Inferences drawn from 

such experiments assume that surface modification caused by exposure to air after 

plasma processes is negligible compared with that caused by plasma exposure. However, 

we thought the effect of air exposure after plasma process should be investigated. On 

top of that, plasma species also should be considered to understand plasma damage 

mechanism, therefore, we investigated the plasma ashing damage mechanism on porous 

SiOCH films based on in situ film analysis and plasma diagnostics in Chapter 4 and 5.  

 

 

 

Fig. 1.7 Schematic diagram of plasma damage on porous low-k film during ash process. 
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1.3.3 Smart Plasma Etching Process 

 

In order to understand chemical reaction between plasma and target materials 

and realize highly precise etching, it is necessary to carry out the monitoring of the 

internal plasma parameters and in situ film characterization. We have constructed a 

smart plasma process system based on in situ film characterization and plasma 

diagnostics and substrate temperature measurement system as shown in Fig. 1.8. The 

system can control radical densities in a plasma and substrate temperature based on 

collected data. Plasma processing should be performed based on the internal plasma 

parameters. On top of that, information on etching properties defined by the internal 

plasma parameters is very useful and applicable to obtain high etching performance in 

various etching apparatus. 

 

 

 

Fig. 1.8 Schematic diagram of smart etching system.
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1.4 Purposes and Construction of This Thesis  

 

The goal of this study is to understand plasma modification mechanism of the 

low-k materials and to realize highly precise and damage less processing of the low-k 

materials. In order to perform these processes, the measurement of hydrogen and 

nitrogen densities using vacuum ultra-violet absorption spectroscopy (VUVAS) 

technique was applied to diagnostic of process plasma. The highly precise etching of 

low-k organic film was performed by controlling internal plasma parameter. Moreover, 

in order to clarify the etching mechanism of low-k organic film, in situ film 

characterizations were performed. The composition of this thesis is as follows: 

In Chapter 2, theories of plasma diagnostics such as VUVAS and microwave 

Interferometer were described. Theories of film characterization technique such as 

spectroscopic ellipsometry, X-ray photoelectron spectroscopy (XPS) and a Fourier 

transform infrared reflection absorption spectroscopy (FTIR-RAS) used as 

measurement methods of etched subsurface reactions were introduced.  

In Chapter 3, a precise etching process for low-k organic films by hydrogen 

and nitrogen mixture gases plasma was developed by control of densities of hydrogen 

and nitrogen radicals based on real-time measurement of Si substrate temperature. H 

and N radical densities were monitored nearby the sidewall of reactor by a vacuum 

ultraviolet absorption spectroscopy and the temperature was monitored by an optical 

fiber-type low-coherence interferometer. Based on results of surface analyses of X-ray 

photoelectron spectroscopy, etched profiles were effectively determined by the chemical 

component of protection layers on the sidewall of etched pattern that was influenced by 

the ratio of H/(H+N) and the substrate temperature. As the etching feature is evolved, 

the ratio of radical density needed to be controlled temporally to maintain vertical 

profiles according to the change of substrate temperature.  

In Chapter 4, the effect of remained fluorocarbon layer and air exposure after 
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plasma exposure on porous low-k SiOCH film were investigated. Refractive index, 

thickness in porous SiOCH film were investigated during plasma treatment and 

subsequent air exposure. On top of that, plasma analysis such as VUVAS was 

performed. The film characterization and plasma analysis revealed the plasma damage 

mechanism of porous low-k SiOCH films. 

In Chapter 5, the modification of porous low-k SiOCH films by ashing plasma 

irradiation and subsequent exposure to air was investigated by in situ characterization. 

Porous blanket SiOCH film surfaces were treated by a H2 or H2/N2 plasmas. The impact 

of ions, radicals, and vacuum ultraviolet radiation on the porous SiOCH films was 

investigated using in situ bulk analysis techniques such as spectroscopic ellipsometry 

and Fourier-transform infrared spectroscopy and ex situ film characterization techniques 

such as dynamic secondary ion mass spectrometry (dynamic SIMS) and X-ray 

photoelectron spectroscopy.  

Finally, the results in the present study were summarized and future works was 

described in the Chapter 6. 
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Chapter 2 Plasma Diagnostic Techniques and Film 
Characterization Methods 

 

2.1 Introduction 

  

Plasma processing has been used for the manufacturing of microelectronic 

devices. With progression of the miniaturization of semiconductor devices, the more 

accurate etching processes, the more high selectivity, and the less damage processes 

have been required. Approaches to understand plasma etch process are categorized to 

plasma diagnostic and surface characterization.  

In this Chapter, the experimental systems, diagnostic techniques of 

plasma and analysis method for subsurface reactions are described. Vacuum 

ultra-violet absorption spectroscopy (VUVAS) was used for measurement of 

radical densities in plasma. In order to obtain information of the composition 

on the sample surface, XPS was employed. The reactions of radical in bulk 

film were investigated by FTIR. On the basis of analysis resulting from these 

measurements, it could be expected to realize the development of sophisticated plasma 

nano-technology for the next generation process. 
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2.2 Vacuum Ultra-Violet Absorption Spectroscopy (VUVAS) 

 

2.2.1 Theory of Absorption Spectroscopy 

 

Optical measurement techniques, such as absorption spectroscopy, OES, etc. 

are very powerful for detecting the behaviors of activated species without the 

disturbance of process plasmas. Recently, these techniques have employed the light in 

the optical range between vacuum ultraviolet (VUV) and infrared (IR) for probing 

atomic and molecular radicals. If the parallel light from a source passes through as 

absorption cell, such as plasma, the intensity of the transmitted light is given as follows 

[1], 

 

  ,    (2.1) 

 

where ν is the frequency, I(ν) and I0(ν) are the intensities of the transmitting light and 

the incident light, respectively. L is the absorption path length, and k(ν) is the absorption 

coefficient as a function of frequency ν.  

 

The broadening of the absorption coefficient, that is, the broadening of the absorption 

line-profile is due to the causes as follows, 

 

(1) Natural broadening due to the finite lifetime of the exited state. 

(2) Doppler effect broadening due to the motions of the atoms. 

(3) Lorentz broadening due to collisions with foreign gases. 

(4) Holtsmark broadening due to collisions with other absorption atoms of the 

same kind. 

(5) Stark effect broadening due to collisions with electrons and ions. 

])(exp[)()( 0 LkII ννν −=
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However, in this study the Doppler broadening and Lorentz broadening are negligible, 

because the density of the electron and absorbing atoms of the same kind should be low.  

Here, we consider that a parallel beam of the light of frequency ν passed 

through a layer of atoms bounded by the planes at the length of dL. Suppose there are Nl 

normal atoms per cm3 of which dNl are capable of absorbing the frequency range 

between ν and ν+dν, and Nu excited atoms of which dNu are capable of emitting this 

frequency range. Neglecting the effect of spontaneous re-emission in view of the fact 

that it takes place in all direction, the decrease in energy of the beam is given by 

 

  , (2.2) 

 

where Blu and Bul are Einstein B coefficient from ground state l to excited state u and 

from l to u, respectively. h is Planck’s constant, and ρ(ν) is the radiation energy density 

given by I(ν)=cρ(ν), (c: light velocity). Rewriting Eq. (2.2), we obtain 

 

,  (2.3) 

 

Recognizing that the left-hand term is k(ν)dν as defined by Eq. (2-1), Eq. (2-3) becomes 

 

     (2.4) 

 

And integrating over the whole absorption line, neglecting the slight variation in ν 

throughout the line,  
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  ,   (2.5) 

 

where ν0 is the frequency at the center of the line. Here we use the Einstein A 

coefficient. 

 

   

 

     (Nu << Nl),  (2.6) 

 

where gl and gu are the statical weights of the lower and upper level, respectively. 

Therefore, by measuring I0(ν) and I(ν), k(ν) is decided and we can estimate the density 

Nl. 

 When the light source is incoherent light such as lamp, the intensity of 

measured light is the integrated value over the frequency  

 

  , 

 

  ,   (2.7) 

 

where I0 and Ia are the intensities of the incident light and the absorption, respectively, 

f0(ν) is the emission line-profile function for the light source, e0 is the emission intensity 

of the light source at a center frequency of f0(ν), fa(ν) is the absorption line-profile 
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function, and k0 is the absorption coefficient at the center frequency of fa(ν). The 

intensity of absorbed light A(k0L) is given by the following equation. 

 

  . (2.8)  

 

From A(k0L) obtained by measurement, k0 is determined by assuming the line-profile 

function f0(ν) and fa(ν). Then, the number density of state l, Nl, is estimated by using Eq. 

(2.6) as  

  .    (2.9) 

 

2.2.2 Measurements of Absolute Densities of Atomic H and N Radicals with 

Micro-Discharge Hollow Cathode Lamp (MHCL) 

 

 Recently, our research group has developed the measurement system of 

absolute densities of atomic H [2], N [3] and O [4] radicals in the ground state using the 

VUVAS with micro-discharge hollow cathode lamp (MHCL) as a light source. 

Transition lines used for measuring the absolute densities of H, N and O radicals are 

Lyman α at 121.6 nm, 4P5/2-4S0
3/2, 4P3/2-4S0

3/2 and 4P1/2-4S0
3/2 at 120.0 nm and 3S0-2p4 3P2 

at 130.217 nm, 3s 3S0-2p4 3P1 130.487 nm and 3s 3S0-2p4 3P0 130.604 nm, respectively. 

Each emission of these transition lines can be obtained by the H2, N2 and O2 plasma, 

respectively. However, these emissions are caused by two major processes [5-7]. One is 

the direct excitation of ground state atomic radicals by the electron impact. 
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               X + e → X* + e → X + hν + e                       (2.10) 

 

, where X is the atomic radical of interest, X* is X atoms in the excited state. The other is 

the dissociative excitation of ground state of X2 by the electron impact. 

 

           X2 + e → X* + X + e → X + X + hν + e              (2.11) 

 

Reaction (2.10) is responsible for the production of slow excited X* atoms. Reaction 

(2.11) can produce fast excited X atoms which produce a large Doppler broadening. 

Therefore, the structure of the atomic radical emission line profile consists of a 

two-component velocity distribution arising from two different excitation processes as 

shown in Eqs. (2.10) and (2.11). It is difficult to estimate the emission line profile, 

which involves a two-component velocity distribution. In the view of problem above in 

the measurement of absolute atomic radical density, we have developed a high pressure 

MHCL as a light source for VUVAS. The specific merits of the MHCL we expect are as 

follows,  

(1) The emission line profile will not involve a large Doppler shift due to the 

fast excited atomic radical arising from dissociative excitation of molecules, 

since they should be thermalized before they emit light. 

(2) The size of the hollow cathode is a small as 0.1 mm diameter, resulting in a 

high current density in the cathode, which is favorable for attaining a high 

dissociation degree of molecules and obtaining spectrally pure atomic 

radical emission.  

(3) A point-source-like emission from a micro-hollow can be efficiently 

coupled to the entrance slit of a monochromator using an appropriate lens 

system. 

(4) The lamp is compact and is operated with an inexpensive dc power source. 
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The cathode and anode consist of a plate with 0.5 mm thickness with a through-hole 

hollow of 0.1 mm in diameter. Helium (250 sccm) and helium gas containing a small 

amount of H2 and N2 gas (5 sccm) were used. The MHCL was operated at a total 

pressure of 0.1 MPa.  
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2.3 Optical Emission Spectroscopy (OES) 

 

 Many optical emissions originating from excited species (e.g. atomic and 

molecular radicals) are generally observed in the plasma. Specific species is identified 

by the photon energy of the optical emission. Excited species are generated by various 

processes such as electron collision, dissociation, impact of other excited species, 

photon absorption, etc. Generally, excitation by electron impact frequently occurs in the 

plasma. Electron impact excitation of the ground state is given by  

 

e + X → X* + e ,                   (2.12) 

 

where X is the species of interest. De-excitation is followed by the emission of a photon 

from the excited state as,  

 

X* → X + hν.                     (2.13) 

 

The intensity of the optical emission due to the transition from an excited state to the 

ground state is given by  

 

∫ =∝ XeeXeXXex nnkdfvnnI εεεεσ )()()(
,       (2.14) 

 

where ne is the electron density, nX is the concentration of X, σX(ε) is the collision cross 

section for the electron impact excitation of X as a function of electron energyε, ν(ε) is 

the electron velocity and fe(ε) is the electron energy distribution function (EEDF). keX(ε) 

is the excitation rate coefficient for X* by the electron impact on X. Under the condition 

where keX and ne are kept constant, the emission intensity is proportional to the 
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concentration of species. However, both of them are affected by the experimental 

conditions and are generally so difficult to be kept constant when external parameters, 

such as input power, working pressure, are varied in the plasma processing. Thereby, 

optical emission spectroscopy (OES) technique is widely used as a monitoring tool in 

various plasma processes.  Moreover, in order to compare those emission intensities 

with the concentration of species, it is necessary to assume that emissions from exited 

states chosen are proportional to the concentration of the same species in the ground 

state. Therefore, the special technique such as actinometric optical emission 

spectroscopy (AOES) is frequently applied to estimate relative concentration of species 

in the ground state [8-14].  

 Optical emission spectra are generally measured by using a spectrometer.  

Usually, a monochromator with a photomultiplier tube (PMT) and multi-channel 

spectrometer with a charged coupled device (CCD) array are used.  In a 

monochromator the light intensity is detected through the exit slit by PMT, as shown in 

Fig. 2.1(a). On the other hand, in a multi-channel spectrometer the light intensity is 

detected by each pixel of CCD, as shown in Fig. 2.1(b). The advantage of the 

multi-channel spectrometer is that it can measure a wide range (several ten nm) of 

wavelength simultaneously; however, the defect of the multi-channel spectrometer is 

that the resolution is restricted by the size of the pixel of CCD.  The resolution of 

spectrometer sometimes limits the accuracy of measurements.   
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Fig. 2.1 The schematic illustration of (a) monochromator and (b) multi-channel 

spectrometer. 

 

  

A spectral line measured by a spectrometer has a certain width.  The full width at half 

maximum (FWHM) of the spectral line is determined by various factors such as natural 

broadening, Doppler broadening, pressure broadening, Stark broadening, and 

instrumental broadening (instrumental function).  The natural broadening giving a 

Lorentzian line shape, however, is generally very small and negligible.  Doppler 

broadening depends on the temperature of the species of interest.  Doppler broadening 

gives a Gaussian line shape as, 
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Where ΔνD is the FWHM of the Doppler broadening, ν0 is the center frequency, c is the 

velocity of light, R is the gas constant, T is the gas temperature, M is the mass number.  

Pressure broadening depends on pressure around the species of the interest gives a 

Lorentzian function as,  
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with 
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where νP is the FWHM of the pressure broadening, z is the collision frequency, n is the 

concentration of the species, σ is the collision cross section, µ is the reduced mass.  

Stark broadening depends on the electric field caused by charged particles such as 

electrons and ions.  Therefore, the electron density can be derived from the Stark width. 

The instrumental broadening depends on the performance of the spectrometer used in 

the experiment.  In order to determine the instrumental function, a light source such as 

a low-pressure mercury lamp is generally used, which gives enough sharp spectral lines 

compared to the instrumental function.  The actual spectrum is determined from the 

convolution of the various broadening mechanisms.  The convolution of Gaussian and 

Lorentzian functions results in a Voigt profile.  Voigt function is given by, 

 

 
( )

( )
dy

ya
ya νfV ∫ ++

−
= 22

2)exp(
ωπ ,   (2.19) 



Chapter 2 
 

36 
 

with 
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where ΔνL is the FWHM of the Lorentz broadening, ΔνG is the FWHM of the Gaussian 

broadening.   

 

 

 

  



Chapter 2 
 

37 
 

2.4 Microwave Interferometer 

 

Microwave interferometer, the most common wave diagnostics technique, 

has been used to measure plasma density by propagation measurement. Spatial 

resolution inferior to probe measurement such as Langmuir probe, however, time 

response is faster and the propagation measurement does not disturb plasmas. The 

principle of its use is that change in phase shift across a region with and without plasma 

can be measured. This in turn can be related to the change in propagation constant and 

hence to the plasma frequency.  

Since the propagation constant of a wave is dependent on the plasma frequency 

of electron is given by 

2
e

pe
0 e

e n
m

ω
ε

=
                                

(2.22)
 

 

propagation measurement have been used to measure plasma density. Here, e, ne, me, 

and εo are charge of electron (1.6 × 10-9 C), electron density, ｍass of electron (9.1 × 

10-31 kg), and permittivity (or dielectric function) of a plasma (8.854 × 10-12 F/m), 

respectively. The change in phase shift is given by  
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where k0 = ω/c is the free space propagation constant, and l is the wave propagates 

across a region of length. It is often possible to choose the diagnostics frequency 

sufficiently high compared to plasma frequency that square root can be expanded. The 

free space part of the phase shift the conveniently cancels leaving 
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In this approximation, we see that the line integral of the density can be directly 

measured in term of a phase shift [15]. 
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2.5 Spectroscopic Ellipsometry [16] 

 

 Ellipsometry is a truly powerful technique of interest and use to physicists, 

chemists, electrochemists, electrical and chemical engineers. Ellipsometry measures a 

change in polarization as light reflects or transmits from a material structure. The 

polarization change is represented as an amplitude ratio, Ψ, and the phase difference, Δ. 

The measured response depends on optical properties and thickness of individual 

materials. Thus, ellipsometry is primarily used to determine film thickness and optical 

constants. However, it is also applied to characterize composition, crystallinity, 

roughness, doping concentration, and other material properties associated with a change 

in optical response. Since the 1960s, as ellipsometry developed to provide the 

sensitivity necessary to measure nanometer-scale layers used in microelectronics, 

interest in ellipsometry has grown steadily. Today, the range of its applications has 

spread to the basic research in physical sciences, semiconductor and data storage 

solutions, flat panel display, communication, biosensor, and optical coating industries.  

Ellipsometry measures the interaction between light and material. Light can be 

described as an electromagnetic wave traveling through space. For purposes of 

ellipsometry, it is adequate to discuss the waves's electric field behavior in space and 

time, also known as polarization. The electric field of a wave is always orthogonal to 

the propagation direction. Therefore, a wave traveling along the z-direction can be 

described by its x- and y- components. When the light has completely random 

orientation and phase, it is considered unpolarized. For ellipsometry, however, we are 

interested in the kind of electric field that follows a specific path and traces out a 

distinct shape at any point. This is known as polarized light. When two orthogonal light 

waves are in-phase, the resulting light will be linearly polarized [Fig. 2.2(a)]. The 

relative amplitudes determine the resulting orientation. If the orthogonal waves are 90° 

out-of-phase and equal in amplitude, the resultant light is circularly polarized [Fig. 
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2.2(b)]. The most common polarization is “elliptical”, one that combines orthogonal 

waves of arbitrary amplitude and phase [Fig. 2.2(c)].  

 

 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 2.2 Orthogonal waves combined to demonstrate polarization:  

(a) linear, (b) circular and (c) elliptical. 
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Maxwell’s equations must remain satisfied when light interacts with a material, which 

leads to boundary conditions at the interface. Incident light will reflect and refract at the 

interface, as shown in Fig. 2.3. The angle between the incident ray and sample normal 

(fi) will be equal to the reflected angle, (fr). Light entering the material is refracted at an 

angle (ft) given by: 

 

)sin()sin(0 tii nn Φ=Φ                       (2.25) 

 

 

 

Fig. 2.3 Light reflects and refracts according to Snell’s law 

  

 

 The same occurs at each interface where a portion of light reflects and the 

remainder transmits at the refracted angle. This is illustrated in Fig. 2.4. The boundary 

conditions provide different solutions for electric fields parallel and perpendicular to the 

sample surface.  Therefore, light can be separated into orthogonal components with 

relation to the plane of incidence. Electric fields parallel and perpendicular to the plane 

of incidence are considered p- and s- polarized, respectively. These two components are 

independent and can be calculated separately. Fresnel described the amount of light 

reflected and transmitted at an interface between materials:  
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Thin film and multilayer structures involve multiple interfaces, with Fresnel reflection 

and transmission coefficients applicable at each. It is important to track the relative 

phase of each light component to determine correctly the overall reflected or transmitted 

beam.  For this purpose, we define the film phase thickness as: 
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The superposition of multiple light waves introduces interference that depends on the 

relative phase of each light wave. Figure 2.3 illustrates the combination of light waves 

in the reflected beam and their corresponding Fresnel calculations. 
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Fig. 2.4 Light reflects and refracts at each interface, which leads to multiple beams in a 

thin film. Interference between beams depends on relative phase and amplitude of the 

electric fields. Fresnel refection and transmission coefficients can be used to calculate 

the response from each contributing beam. 

 

 

Ellipsometry is primarily interested in how p- and s- components change upon 

reflection or transmission in relation to each other. In this manner, the reference beam is 

part of the experiment. A known polarization is reflected or transmitted from the sample 

and the output polarization is measured. The change in polarization is the ellipsometry 

measurement, commonly written as: 

 
Δ= ie)tan(ψρ                          (2.31) 

 

A sample ellipsometry measurement is shown in Fig. 2.5. The incident light is linear 

with both p- and s- components. The reflected light has undergone amplitude and phase 

changes for both p- and s- polarized light, and ellipsometry measures their changes. 
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Fig. 2.5 Typical ellipsometry configuration, where linearly polarized light is reflected 

from the sample surface and the polarization change is measured to determine the 

sample response. 

 

 

 The film thickness is determined by interference between light reflecting from 

the surface and light traveling through the film. Depending on the relative phase of the 

rejoining light to the surface reflection, interference can be defined as constructive or 

destructive. The interference involves both amplitude and phase information. The phase 

information from Δ is very sensitive to films down to sub-monolayer thickness. 

Ellipsometry is typically used for films whose thickness ranges from sub-nanometers to 

a few microns. As films become thicker than several tens of microns, interference 

oscillations become increasingly difficult to resolve, except with longer infrared 

wavelengths. Other characterization techniques are preferred in this case. Thickness 

measurements also require that a portion of the light travel through the entire film and 

return to the surface. If the material absorbs light, thickness measurements by optical 

instruments will be limited to thin, semi-opaque layers. This limitation can be 

circumvented by targeting measurements to a spectral region with lower absorption. For 
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example, an organic film may strongly absorb UV and IR light, but remain transparent 

at mid-visible wavelengths. For metals, which strongly absorb at all wavelengths, the 

maximum layer for thickness determination is typically about 100 nm. 
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2.6 Fourier Transform Infrared Spectroscopy (FTIR)  

 

Fourier Transform Infrared Spectroscopy (FTIR) allows us to detect infrared 

(IR) absorption and reflection properties of materials [17-19]. FTIR is widely used to 

evaluate for a chemical bonding such as C-H, C-F, C-N, C-O, Si-CH3, Si-O-Si [20-24], 

and so on. The foundations of FTIR were laid in the latter part of the nineteenth century 

by Michelson [25], Raleigh [26], Rubens and Wood [27], von Baeyer [28], and others 

who recognized the relationship of an interferogram to its spectrum by a Fourier 

transformation. It was not until the advent of computers and the fast Fourier algorithm 

that interferometry began to be applied to spectroscopic measurements in the 1970s. 

FTIR is based on a Michelson interferometer, which consists of a beam splitter, a fixed 

mirror and a moving mirror (scanning mirror) [29]. Light from the source (see Fig. 2.6) 

is separated into two parts and then recombines at the beam splitter after reflection by 

the two mirrors as shown in Fig. 2.7. The transmission factor and the reflection 

coefficient of beam splitter are T0 and R0, respectively. Light I0 (wave number ν) from 

the infrared source is collimated and directed onto a beam splitter. The light intensity 

reaching the detector is the sum of the two beams. In the case of L1 = L2 (L1: distance 

between beam splitter and fixed mirror M1, L2: distance between beam splitter and fixed 

mirror M2), the light intensity of 2I0T0R0, enters the detector. When M1 is moved, the 

optical path lengths are unequal and an optical path difference δ is introduced. If M1 is 

moved a distance, the retardation is δ = 2x since the light has to travel an additional 

distance x to reach the mirror and the same distance to reach the beam splitter. The light 

intensity Iobs(x) reaching the detector depends on the value of x that can be described by 

the equation  

 

Iobs x( ) = 2R0T0I0 1+ cos 2!"x( )!" #$.                  
(2.32)
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when R0, T0 = 0.5, Eq. (2.32) is  

 

Iobs x( ) = I0
2
1+ cos 2!"x( )!" #$.                  

(2.33) 

 

Consider the light have the wave number ν1- ν2 and the intensity I0(ν). When the source 

emits more than one frequency, Eq. (2.34) replaced by the integration   

 

Iobs x( ) =
I0 !( )
2

1+ cos 2!"x( )!" #$!1

!2% d!.
              

(2.34) 

 

Direct current from the interference output signal of Eq. (2.34) is subtracted. 

 

F x( ) = 1
2

I0 !( )
!1

!2! cos 2"!x( )d!.
              

(2.35) 

 

Due to the path difference between the two beams, an interference pattern is generated. 

The output beam from interferometer is recorded as a function of path difference, and is 

called the interferogram (see Fig. 2.8). When Eq. (2.35) is generalize  

 

F x( ) = I0 !( )
!"

"

# exp 2! x"i( )d!.
              

(2.36) 

 

The incident radiation I0(ν) is obtained by the Fourier transform of the interferogram 

actually measured. 
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I0 x( ) = 1
2

F !( )
!"

"

# exp 2! x"i( )dx.
              

(2.37) 

 

The IR spectrum can be obtained by calculating the Fourier transform of the 

interferogram. 

 There are two primary advantages to using FTIR as compared to a dispersive 

spectrometer, Fellgett’s advantage (Multiplex advantage) and Jacquinot’s advantage 

(Throughput advantage). Generally, the signal-to-noise ratio (SNR) is proportional to 

the number of scans or measurement time T (SNR ∝ √T). In a broadband spectrum, 

the number of spectral elements n between the frequency range ν1 and ν2 can be defined 

as n = (ν2 － ν1)/Δν. In a dispersive spectrometer, a particular spectral element is 

recorded in a time t, so that the total 22 time required is T = nt. However, the FTIR 

spectrometer records information for all wavelengths in the spectrum simultaneously. 

During each scan, it records n times faster than a dispersive spectrometer with the same 

SNR. If the measurement time is the same, then the SNR will be increased by factor of 

√n. In a dispersive spectrometer the energy throughput is limited by the entrance and 

exit slits of the monochromator. Since the FTIR does not require slits, measurements at 

higher intensities are possible. To increase the resolution of a dispersive spectrometer, 

the slits must be narrowed. In an FTIR, resolution is increased by increasing mirror 

travel distance with no decrease in energy throughput. 
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Fig. 2.6 Spectrum of light source. 

 

 
Fig. 2.7 Schematic diagram of FTIR. 

 

 

Fig. 2.8 Interferogram. 
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2.7 X-Ray Photoelectron Spectroscopy (XPS) 

 

 X-ray photoelectron spectroscopy (XPS) is currently the most widely used 

surface-analytical technique, and is therefore described here in more detail than any of 

the other techniques. At its inception by Seigbahn and coworkers [30], it was called 

ESCA (electron spectroscopy for chemical analysis), but the name ESCA is now 

considered too general, because many surface-electron spectroscopies exist, and the 

name given to each one must be precise. The name ESCA is, nevertheless, still used in 

many places, particularly in industrial laboratories and their publications. Briefly, the 

reasons for the popularity of XPS are the exceptional combination of compositional and 

chemical information that it provides, its ease of operation, and the ready availability of 

commercial equipment.  

 The surface to be analyzed in irradiated with soft X-ray photons. When a 

photon of energy hv interacts with an electron in a level X with the binding energy EB 

(EB is the energy EK of the K-shell in Fig. 2.9), the entire photon energy is transferred to 

the electron, with the result that a photoelectron is ejected with the kinetic energy 

 

Ekin (hv, X) = hv – EB – Φs                  (2.38) 

 

where Φs is a small, almost constant, work function term. 

Obviously, hv must be greater than EB. The ejected electron term can come from a core 

level or from the occupied portion of the valence band, but in XPS most attention is 

focused on electrons in core levels. Because no two elements share the same set of 

electronic binding energies, measurement of the photoelectron kinetic energies enables 

elemental analysis. In addition, Eq. (2.38) indicates that any changes in EB are reflected 

in Ekin, which means that changes in the chemical environment of an atom can be 

followed by monitoring changes in the photoelectron energies, leading to the provision 
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of chemical information. XPS can be used for analysis of all elements in the periodic 

table except hydrogen and helium.  

 

 

 
 

Fig. 2.9 Schematic diagram of electron emission processes in solids.  

Left side: Auger process, right side: photoelectron process.  

Electrons involved in the emission processes are indicated by open circles. 

 

 

Although XPS is concerned principally with photoelectron and their kinetic 

energies, ejection of electron by other processes also occurs. An ejected photoelectron 

leaves behind a core hole in the atom. The sequence of events following the creation of 

the hole is shown schematically in Fig. 2.9 (right side). In the example, the hole has 

been created in the K-shell, giving rise to a photoelectron, the kinetic energy of which 

would be (hv-EK), and is filled by an electronic transition from the unresolved L23 shell. 

The energy EK-EL23 associated with the transition can then either be dissipated as a 

characteristic X-ray photon or given up to an electron in the same or a higher shell, 

shown in this example also as the L23. The second of these possibilities is called the 

Auger process after its discoverer [31], and the resulting ejected electron is called an 
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Auger electron and has kinetic energy given by: 

 

Ekin(KL1L23) = EK – EL1 – EL23 – Einter (L1L23) + ER – Φs           (2.39) 

 

Where Ekin(KL1L23) is the interaction energy between the holes in the L1 and L23 shell 

and ER is the sum of the intra-atomic relaxation energies. X-ray photon emission and 

Auger electron emission are obviously competing processes, but for the shallow core 

levels involved in XPS and AES the Auger process is for more likely.  

 Thus in all X-ray photoelectron spectra, features appear as a result of both 

photo-emission and Auger emission. In XPS, the Auger features can be useful but are 

not central to the technique, whereas in AES, Eq. (2.39) forms the basis of the technique. 

At this point the nomenclature used in XPS and AES should be explained. In XPS the 

spectroscopic notation is used, and in AES the X-ray notation. The two are equivalent, 

the different usage having arisen for historical reasons, but the differentiation is a 

convenient one. They are both based on the so-called j-j coupling scheme describing the 

orbital motion of an electron around and atomic nucleus, in which the total angular 

momentum of an electron is found by summing vectorially the individual electron spin 

and angular momenta. Thus if l is the electronic angular momentum quantum number 

and s the electronic spin momentum quantum number, the total angular momentum for 

each electron given by j = l + s. Because l can take the values 0, 1, 2, 3, 4, … and s = 

±1/2 clearly j = 1/2. 3/2, 5/2 etc. The principal quantum number n can take values 1, 2, 

3, , … In spectroscopic notation, states with l = 0, 1, 2, 3, … are designated s, p, d, f, … 

respectively, and the letter is preceded by the number n; the j values are then appended 

as suffixes. Therefore, one obtains 1s, 2s, 2p1/2, 2p3/2.  

In X-ray notation, states with n = 1, 2, 3, 4 … are designated K, L, M, N, …, 

respectively, and states with various combinations of l = 0, 1, 2, 3, … and j = 1/2, 3/2, 

5/2 are appended as the suffixes 1, 2, 3, 4 … In this way one arrives at K, L1, L2, L3, M1, 
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M2, M3, etc. The equivalence of the two notations is set out in Table 1.  

 

 

 

 

Table 1 Spectroscopic and X-ray notation.  

Quantum number 
Spectroscopic state X-ray state 

n l j 

1 0 1/2 1s K 

2 0 1/2 2s L1 

2 1 1/2 2p1/2 L2 

2 1 3/2 2p3/2 L3 

3 0 1/2 3s M1 

3 1 1/2 3p1/2 M2 

3 1 3/2 3p3/2 M3 

3 2 3/2 3d3/2 M4 

3 2 5/2 3d5/2 M5 

etc. etc. etc. etc. etc. 
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2.8 Substrate Temperature Measurement System 

 

The substrate temperature was calculated from the change of optical thickness 

of Si wafer measured by an optical fiber-type low-coherence interferometer. Schematic 

diagram of temperature measurement system is shown in Fig. 2.10. The measurement 

system is based on a Michelson interferometer, which consists of a super luminescent 

diode (SLD), a reference mirror scanner, a fiber collimator, an optical fiber and so on. 

The SLD light is divided into two beams by the fiber coupler. One beam irradiates the 

substrate. The other beam goes to a scanning reference mirror. In the substrate, the SLD 

light is reflected on the substrate backside and surface. In the reference mirror scanner 

side, the reference-optical-path length is changed because the mirror is moved. The 

lights reflected at the substrate go back to the fiber coupler through the fiber collimator, 

and then interfered with the light reflected at the scanning reference mirror within the 

range of coherence length. The position of interferogram was changed by the thermal 

expansion and the change of refractive index with increasing the substrate temperature. 

The change of temperature was measured by the shift of the peak position of 

interferogram. By using this measurement system, we can measure the substrate 

temperature in the real time [32,33]. 

 The optical-path length L of a certain substance is 

 

L = n !d                             (2.40) 

 

where n is the index of refraction and d is the thickness of the substance. The SLD used 

in this article has a 48 nm bandwidth at a central wavelength of 1.55 mm. Under these 

conditions, the effect of group index on the interference signal was negligible small. 

Therefore, we can discuss the principle without the effect. 

If the temperature of the substance varies from T to Tb + ΔT, the index of 
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refraction and the thickness vary as follows. 

 

( )Tdd Δ+→ α1                        (2.41) 

n! n 1+!"T( )                         (2.42) 

 

 Where α and β are the measures of thermal expansion and the temperature 

dependence of the refractive index, respectively. α is independent of optical wavelength 

while β is dependent on it. The optical-path length L’ of the substance under the 

temperature shift ΔT is 

 

( ) ( )
( ){ }Tdn

TdTnL
Δ++⋅=

Δ+×Δ+=ʹ′

βα

αβ

1
11

	             	 	 (2.43) 

 

The shift of optical-path length is given by 

 

( ){ }
( ) Tdn

dndTnLL
Δ+⋅≅

⋅−Δ++=ʹ′−

βα

βα1
                (2.44) 

 

If α, β and the initial optical-path length (that is, n・d) are known, we can obtain 

the temperature shift (ΔT) of the substance from Eq. (2.44). The α and β of silicon, 

which is commonly used in SOIs, are well investigated experimentally. The α and β of 

silicon, denoted by αSi and βSi, are approximately expressed as 

 

!Si T( ) ! "7.06#10"11 #T 2

+6.83#10"8 #T + 2.38#10"6                
 (2.45) 

!Si(T ) ! "3.33#10"11 #T 2

+6.76#10"8 #T + 5.01#10"5               
 (2.46) 
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The α and β of the quartz (αSiO2 , βSiO2 ) used as an interlayer of SOI are not known 

experimentally; therefore, the αSiO2 and βSiO2 were assumed to be constant. 

 
7100.52
−×=sioα                       (2.47) 
6100.72
−×=sioβ                       (2.48) 

 

Using these values or the values derived from the optical path lengths measured at 

different known temperatures in advance, we can find the temperature shift of layers 

from Eq. (2.44). 

 

 

 

 

Fig. 2.10 Schematic diagram of temperature measurement system. 
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2.9 Secondary Ion Mass Spectrometry (SIMS) 

 

 Secondary ion mass spectrometry (SIMS), also known as ion microprobe and 

ion microscope, is a powerful technique used to analyze the composition of solid 

surfaces and thin films by sputtering the surface of the specimen with a focused primary 

ion beam and collecting and analyzing ejected secondary ions [29,34]. The technique is 

element specific and is capable of detecting all elements as well as isotopes and 

molecular species. Of all the beam techniques it is the most sensitive with detection 

limits for some elements in the 1014 to 1015 cm-3 range if there is very little background 

interference signal. Lateral resolution is typically 100 µm but can be as small as 0.5µm 

with depth resolution of 5 to 10 nm.  

 Destructive removal of target material from the sample is required to analyze 

the ejected materials by a mass analyzer. A primary ion beam impinges on the sample 

and atoms are sputtered or ejected from the sample. Most of the effected atoms are 

neutral. Conventional SIMS cannot detect the neutral atoms, but some are positively ore 

negatively charged. This fraction was estimated as around 1% of the total [35]. The 

mass/charge ratio of the ions in analyzed, detected as a mass spectrum, as a count, or 

displayed on a fluorescent screen. The detection of the mass/charge ratio can be 

problematic, since variation complex molecules from during the sputtering process 

between the sputtered ions and light elements like H, C, O, and N typically found in 

SIMS vacuum systems. The mass spectrometer only recognizes the total mass/charge 

ratio and can mistake one ion for another. 

 Sputtering is a process in which incident ions lost their energy mainly by 

momentum transfer as they come to rest within the solid. In the process they displace 

atoms within the sample. Sputtering takes place when atoms near sample surface 

receive sufficient energy from the incident ion to be ejected from the sample. The 

escape depth of the sputtered atoms is generally a few monolayers for primary energies 
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of 10 to 20 keV typically used in SIMS. The primary ion loses its energy in the process 

and comes to rest tens of nm below the sample surface. Ion bombardment leads not only 

to sputtering, but also to ion implantation and lattice damage. The sputtering yield is the 

average number of atoms sputtered per incident primary ion. It depends on target 

material, its crystallographic orientation, and the nature, energy, and incidence angle of 

the primary ions. Selective or preferential sputtering can occur in multi-component or 

polycrystalline targets when the components have different sputtering yield. The 

component with lowest yield becomes enriched at the surface while that the highest 

yield becomes depleted. However, once equilibrium is reached, the sputtered materials 

leaving the surface has the same composition as the bulk material and preferential 

sputtering is not a problem in SIMS analysis. 

 The yield for SIMS measurements with Cs+, O2
+, O-, and Sr+ ions of energy 

ranges from 1 to 20 keV. It is important to detect, we should choice primary ions 

because the secondary ion yield is significantly lower than the total yield, but can be 

influenced by the type of primary ion. Electronegative oxygen enhances species for 

electropositive elements which produce predominantly positive secondary ions. 

Electronegative elements have higher yields when sputtered with electropositive ions 

like Cs+. The secondary ion yield for the elements varies over five to six order of 

magnitude.  

SIMS has not only a wide variation in secondary ion yield among different 

elements, it also shows strong variations in the secondary ion yield from the same 

element in different samples or materials. 

 SIMS has measurement mode of two types, which are static and dynamic 

SIMS. For low incident ion beam current or low sputtering rate (approximately 0.1 nm 

per hour), a complete mass spectrum can be recorded for surface analysis of the outer 

0.5 nm or so. This mode of operation is known as static SIMS. In dynamic SIMS, the 

intensity of one peak for one particular mass is recorded as a function of time as the 
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sample is sputtered at higher sputter rate (approximately 10 µm), depth profile. It is also 

possible to display the intensity of one peak as a two-dimensional image. 
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Chapter 3 Precise Control of Etched Feature Profile of 
Low-k Organic Films Based on Control of 
Radical Densities and Substrate Temperature 

 

3.1 Introduction 

  

This Chapter describes control of feature profiles on plasma etch of organic 

films by a control of radical densities and real-time monitoring of substrate temperature. 

In particular, the control of an etched pattern profile with an accuracy of 

approximately 5 nm must be achieved in the near future. It has been reported that 

high-density plasmas employing N2/H2 gases have been used for etching low-k organic 

films without a large degradation in the film quality and etched profile. However, side 

etching, which causes bowing and microtrenching, occurs easily in low-k organic film 

[1-5].  

In previous studies, the correlation among the behaviors of H and N radical 

densities and the etching characteristics of the low-k organic films was investigated. 

[4-9] From the results, it was found that H radicals are important etchant species for 

low-k organic film etching and N radicals were effective for the formation of protection 

layer on the sidewall of etched pattern against the etching due to H radicals. Moreover, 

it was clarified that etching characteristics of low-k organic film depend on H and N 

radical densities and the substrate temperature. The effect of ions on the low-k organic 

films have been proposed that NHx+ ions enhanced the etch rate and the modification 

of surfaces resulting in the formation of a CN layer that protects the organic film against 

chemical etching [3, 10-12].  

In this Chapter, characteristics of the low-k organic films etching employing a 

100 MHz excited capacitively coupled plasmas (CCP) reactor with a 2MHz biasing 

employing H2 and N2 mixture gases were investigated. In addition, H and N radical 
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densities were measured nearby the sidewall of reactor by the vacuum ultraviolet 

absorption spectroscopy (VUVAS) and the substrate temperature was monitored with 

high accuracy using a newly developed interferometer system during the plasma process 

for realizing the high precise process. We proposed a scheme to control a fine pattern 

profile of low-k organic films precisely by controlling the radical density ratio 

temporally according to the change of the substrate temperature. We believe this 

technique can be applied for etching process of general organic materials also. 
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3.2 Experimental Details 

 

 Figure 3.1 shows a schematic diagram of 100 MHz CCP etcher with the 

VUVAS system and a substrate temperature measurement system. The 100 MHz CCP 

chamber was 300 mm in diameter. VHF (100 MHz) power was applied to an upper 

electrode that was 127 mm in diameter through a matching network and the 100 MHz 

CCP was generated in the chamber. The 2 MHz bias power was supplied to substrate 

which was 4 inches in diameter on a lower electrode. The gap between the upper 

electrode and the lower electrode was fixed to 35 mm. The process gases (H2 and N2) 

were fed from the upper electrode with a showerhead shape. A total pressure was 

maintained at 2.5 Pa during the plasma process. The Si wafer was placed on the lower 

electrode with an electrostatic chuck system. The lower electrode temperature was 

maintained by circulating coolant and filling of backside with helium. The low-k 

organic films used in this study are SiLK™ (Dow Chemical), having a dielectric 

constant of 2.7, the good thermal stability (420 °C) and the good adhesion, as an low-k 

organic film for the etching sample.  

Information on the effects of H and N radicals in 100MHz CCP on the etching 

process of the low-k organic film is useful for etching other low-k organic films. In this 

study, we carried out H and N radical density measurements near the sidewall of the 

chamber to avoid disruption of the etching process. Vacuum ultraviolet (VUV) light 

from a microdischarge hollow-cathode lamp was absorbed by plasma while passing the 

sidewall of the chamber. The absorption length was 100 mm. VUV light was focused on 

the slit of a vacuum ultraviolet monochromator by a MgF2 lens and then detected by a 

photomultiplier tube. The signal was recorded with a digital oscilloscope and averaged 

using a personal computer. The transition line of the H atom used for the VUVAS 

measurement was a Lyman α at 121.6 nm, and those of the N atom were 4P5/2-4S0
3/2, 

4P3/2-4S0
3/2 and 4P1/2-4S0

3/2 at 120.0 nm of the N atom [13,14].  
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Substrate temperature was calculated from the change in the optical thickness 

of the Si wafer measured by an optical fiber-type low-coherence interferometer. The 

measurement system is based on a Michelson interferometer, which consists of a 

superluminescent diode (SLD), a reference mirror scanner, a fiber collimator, an optical 

fiber, and other components. SLD light is divided into two beams by the fiber coupler. 

One beam irradiates the substrate. The other beam goes to a scanning reference mirror. 

In the substrate, SLD light is reflected on the substrate back surface and front surface. 

On the reference mirror scanner side, the reference-optical-path length changes because 

the mirror is moved. Lights reflected at the substrate go back to the fiber coupler 

through the fiber collimator, interfering with the light reflected at the scanning reference 

mirror within the coherence length range. The position of the interferogram was 

changed by the thermal expansion and the change in refractive index of Si wafer with 

increasing substrate temperature. The change in temperature was measured from the 

shift in the peak position of the interferogram. By using the measurement system 

discussed here, we can measure substrate temperature in real time [15, 16].  

Samples were prepared by the photolithographic pattering of Line/Space (65/65 

nm) of SiO2 hard mask on organic film. After etching of the hard mask, the photoresist 

films were remained because no ash-removal process was carried out. The patterned 

sample used in this experiment consists of SiO2/SiLK™/Si stacked structure. The 

thickness of the hard mask using SiO2 was 125 nm and that of the organic film was 240 

nm. Each etching time was set at 10 % over-etched time estimated from the etch rate. 

The etching profiles of the cross-section of the Line and Space pattern were observed 

using a scanning electron microscope (SEM, Hitachi, S-5200).  

The surface analysis of the blanket low-k organic films by X-ray photoelectron 

spectroscopy (XPS, FISONS Escalab-220i) was carried out after the etch process of 

identical conditions for the pattered samples. XPS measurement was performed using 

Mg-kα radiation (1242.6 eV) with a scanning energy step of 0.1 eV. Chemical 
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compositions are obtained from the XPS profiles. 

 

 

 

 

 

 

Fig. 3.1 Schematic diagram of (a) experimental setup: 100MHz/2MHz CCP etcher and 

(b) radical measurement system.  

(a) 

(b) 
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3.3 Results and Discussion  

 

3.3.1 Etch Rate and Electron Density 

 

To clarify behaviors of etch rate and change of etched profiles, the plasma 

diagnostics were performed by a 35GHz microwave interferometer 

(NIHON-KOSHUHA, MPI-1035J) in H2/N2 plasmas. Figure 3.2 shows etch rate and 

electron densities of the low-k organic film in N2/H2 plasmas as functions of flow rate 

ratio of H2/(H2+N2). H2/N2 plasmas were ignited in the CCP chamber at a substrate 

temperature of 20 °C, H2 flow rate of 75 sccm, N2 flow rate of 25 sccm, a total pressure 

of 2.5 pa, a VHF power of 450 W, and a self-bias voltage of -500 V. The electron 

density in the pure N2 plasma was the highest. In the N2/H2 plasmas, the electron 

density and the relative density of high-energy electrons were almost constant in spite of 

the change of flow rate ratio. The electron density drastically decreased in H2 plasma. 

This might be due to the large total ionization cross section of N2, which is about 2.5 

times larger than that of H2 [5]. The etch rate had a maximum of 175 nm/min at 

H2/(H2+N2) = 75%. Figure 3.3 shows etch rate and electron densities of the low-k 

organic film in N2/H2 plasmas as a function of 100 MHz power. The condition of 

plasma was a flow rate of H2 of 75 sccm, a flow rate of N2 of 25 sccm. The electron 

density and etch rate increased monotonically. Figure 3.4 shows etch rate and electron 

densities of the low-k organic film in H2/H2 plasmas as a function of pressure. The 

electron densities were 2.3 × 1010 cm-3 in the range 2.0 to 3.0 Pa. The electron density 

was low (2.3 × 1010 cm-3) at 1.5 Pa. the etch rate were 185 nm/min in the range 2.0 to 

3.0 Pa. The change in etch rate was similar to that of electron density.  

Quadruple mass spectroscopy has revealed the presence of other dominant 

ionic species, such as H+, H3
+, N+, NH2

+, NH3
+, NH4

+, N2
+, and N2H+, in similar H2/N2 

plasmas [4]. 
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Fig. 3.2 Electron density and etch rate in H2/N2 plasma as a function flow rate ratio of 

H2/(H2+N2). 
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Fig. 3.3 Electron density and etch rate in H2/N2 plasma as a function of VHF power. 
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Fig. 3.4 Electron density and etch rate in H2/N2 plasma as a function of pressure 
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3.3.2 Densities of Radicals in H2/N2 Plasmas 

 

Since previous studies in the inductively coupled plasma with 13.56MHz and 

ultrahigh frequency (UHF) 500MHz plasma showed that the etch rate and etched 

profiles could be controlled precisely by selecting the ratio of H and N radical densities 

and the substrate temperature, [4-6] H and N radical densities and substrate temperature 

were measured by VUVAS and a substrate temperature measurement system, 

respectively. H2/N2 plasmas were ignited in the CCP chamber at a substrate temperature 

before igniting the plasma of 20 °C, a VHF power of 400 W, and a self-bias voltage of 

-500V. Figure 3.5 shows H and N radical densities as functions of flow rate ratio of 

H2/(H2+N2). H radical densities were estimated 8.2 × 1010 cm-3 at H2/(H2+N2) = 10%. H 

radical densities increased with increasing the flow rate ratio of H2/(H2+N2) and reached 

the maximum of 5.2 × 1011 cm-3 at H2/(H2+N2) = 75%, and then decreased near the pure 

H2 plasma condition. With respect to this behavior of H density, the plasma density in 

nitrogen mixture plasma increased compared with that for pure hydrogen plasma. Nagai 

et al. reported that the dissociation of H2 is enhanced by the addition of N2 gas, since the 

total ionization cross section of N2 is larger than that of H2, which leads to an increase 

in electron density [4]. On the other hand, N radical density was estimated 2.0 × 1011 

cm-3 at H2/(H2+N2) = 0%, and decreased with increasing the flow rate ratio of 

H2/(H2+N2). 
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Fig. 3.5 H and N radical densities as a function of flow rate ratio H2/(H2+N2). 
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3.3.3 Substrate Temperatures 

 

The substrate temperature was measured in real time using optical fiber-type 

low-coherence interferometer to investigate effects on the etched profile of low-k 

organic films. Figure 3.6 shows the substrate temperature during the plasma process as a 

function of plasma exposure time for various ratios of H to N radical densities. The 

substrate temperature before the plasma exposure was 20 °C. It was found that substrate 

temperature increased rapidly immediately after the plasma discharge and then saturated. 

The amount of increase in substrate temperature by plasma exposure increased with 

increasing ratio of H/(H+N). When the ratio of H/(H+N) was 1.00, substrate 

temperature increased by more than 30 °C at 3 min exposure time, while it increased by 

approximately 20 °C when the ratio of H/(H+N) was 0. In the plasma of the H2 and N2 

gas mixture, the higher the H2 ratio, the higher the substrate temperature. It seemed that 

the difference in temperature between the gases caused a difference in substrate 

temperature.  
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Fig. 3.6 Substrate temperature during various plasma processes as a function of plasma 

exposure time. 
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3.3.4 Etch Rates for Low-k Organic Film 

 

Low-k organic film etching was performed at a total pressure of 2.0 Pa, a VHF 

power of 400 W, and a self-bias voltage of -‐500 V. Figures 3.7(a) and (b) show the etch 

rate of the organic film as functions of the H radical ratio of H/(H+N) at a substrate 

temperature of 24 °C and as a function of a substrate temperature at a ratio of H/(H+N) 

= 0.8, respectively. Substrate temperature was defined as the average substrate 

temperature after the saturation on the basis of the result in Fig. 3.6. The etch rate had a 

maximum of 175 nm/min at H/(H+N) = 0.8, as shown in Fig. 3.7(a). We note that this 

figure shows the etch rates when both VHF power and bias power were fixed at 

constant values, that is, only gas flow ratio was changed using mass-flow controllers. 

The larger ratio of hydrogen in the gas composition resulted in a low plasma density. 

Hence, the maximum etch rate was obtained at H/(H+N) = 0.8. Moreover, when the 

substrate temperature was 12 °C, the etch rate was 169 nm/min, and the etch rate 

increased to 196 nm/min with increasing the substrate temperature. As will be discussed 

later, since the hydrogen atom can spontaneously etch organic films, at higher densities 

of hydrogen atoms with H/(H+N) = 0.8, chemical reactions will predominate, i.e., a 

weak temperature dependence on etch rate will be observed. Figure 3.8 shows the 

amount of bowing of the organic film as a function of the substrate temperature at a 

ratio of H/(H+N) = 0.8. The amount of bowing is defined as the difference between the 

width at the highest bowing position or the most tapered position ‘‘B’’ and the width at 

the line at the top ‘‘A’’, as shown in Fig. 3.8. (Note: To meet the requirements of the 

etch process, it is better to reduce the size of the trench bottom, B. Hence, if B is less 

than A, we always regard the data as the taper profile.) The amount of bowing slightly 

increased with increasing the substrate temperature. This change is important from the 

viewpoint of controlling the shape of sidewall. 
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Fig. 3.7 Etch rate of organic film as functions of (a) H radical ratio of H/(H+N), (b) 

substrate temperature.  
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Fig. 3.8 Amount of bowing of organic film as a function of substrate temperature. 
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3.3.5 Etched Profile 

 

Etched profiles have been investigated on the basis of the ratio of H and N 

radical densities and the substrate temperature. Figure 3.9 shows the amount of bowing 

at the sidewall of a trench as a function of substrate temperature in H2/N2 plasma. 

Figure 3.10 shows cross-sectional SEM images of the etch profile of the 65nm 

line-and-space pattern of the organic film at H radical density ratios of (a) 0.80, (b) 0.68, 

(c) 0.52, (d) 0.35, and (d) 0 when the substrate temperature was 24 °C. Each etching 

time was set at 10% over-etched time estimated from the etch rate. (Note: In case of 

experiment (d), pure N2 plasma etching, 10% over-etched time was not enough to reach 

to bottom of the pattern.) The bowing profile was not seen at any substrate temperature 

after N2 plasma (H/(H+N) = 0) etching; however, the amount of bowing increased with 

increasing substrate temperature except H/(H+N) = 0. These results show that the 

amount of bowing increased or the amount of taper decreased with increasing H radical 

density ratio and substrate temperature. However, a vertical profile was not obtained at 

any H ratio. Even under the conditions for setting the amount of bowing at nearly zero, 

the etch profile showed the profiles of both bowing and taper [Fig. 3.10(b)]. Even 

though this attempt was based on measurement of radical densities and the substrate 

temperature, we could not control featured profile within ± 5 nm. This result implies 

that a few more steps are required to realize highly precise etching of organic materials. 
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Fig. 3.9 Amount of bowing at sidewall of trench pattern as a function of substrate 
temperature. 
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Fig. 3.10 SEM images of etched profile of organic film (a) H/(H+N) = 0.80, (b) 

H/(H+N) = 0.68, (c) H/(H+N) = 0.52, (d) H/(H+N) = 0.35, (e) H/(H+N) = 0.00. 

 

 

Organic film 

(a) (b) 

(d) (c) 

(e) 

SiO2 

Si 



Chapter 3 
 

81 
 

3.3.6 Etch Process with a Temporal Control of Radical Density  

 

From results shown in Fig. 3.9, we consider that the vertical profile could not 

be obtained under the constant radical ratio condition when the substrate temperature 

was varied as the etching evolution. We designed a new process that controls radical 

density ratio depending on substrate temperature step by step on the basis of the results 

shown in Figs. 3.9 and 3.10. Figure 3.11 shows the change in substrate temperature as a 

function of plasma exposure time at a ratio of H/(H+N) = 0.8. The substrate temperature 

before plasma exposure was 5 °C. From these results, the substrate temperature was 17, 

22, and 25 °C after the plasma exposure for 10, 40, and 70 s, respectively. On the basis 

of these results, the appropriate H radical density ratio for obtaining the vertical profile 

was estimated. Consequently, etching conditions were changed to realize the vertical 

profile as follows: H radical density ratio was set at (A) 0.80, (B) 0.68, (C) 0.52, and 

(D) 0.35, when the plasma exposure time ranges were (A) from 0 to 10 s, (B) from 10 to 

40 s, (C) from 40 to 70 s, and (D) from 70 s to the end point, respectively, as shown in 

Fig. 3.11 at a substrate temperature of 5 °C before the plasma exposure. Figure 3.12 

shows SEM images of etched the profile of the organic film after the new process where 

radical density ratio was changed depending on substrate temperature. Comparing the 

results shown in Fig. 3.12 with those in Figs. 3.10 (a) and (b), the amount of bowing 

decreased considerably in the case of the new process and we have successfully 

achieved an almost vertical profile. 
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Fig. 3.11 Substrate temperature during new plasma processes that varied the radical 

density ratio as a function of plasma exposure time. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12 SEM images of etched profile of organic film after new plasma process. 
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3.3.7 X-ray Photoelectron Spectroscopic Analyses on Etched Surface 

 

In order to investigate the relation between Si substrate temperature and 

sidewall etching, XPS analysis was performed on the organic film after N2 plasma 

exposure. In this section, blanket low-k organic film etch was performed at a total 

pressure of 2.0 Pa, a VHF power of 400 W, and a bias power of 0 W for simulating 

sidewall condition. Figure 3.13 shows atomic concentration of the organic films after 

pure N2 plasma exposure at Si substrate temperature of (a) 4 °C and (b) 54 °C calculated 

from XPS spectra. With increasing take-off angle of X-ray, the concentration of C 

decreased and that of O increased in both samples. The concentration of N increased 

only in sample (a) at take-off angle of 80°. Figure 3.14 shows the variation of the N/C 

ratio of the low-k organic films after N2 plasma exposure for 120 s at the substrate 

temperature of 4 °C and 54 °C calculated from XPS spectra. With increasing take-off 

angle of photoelectron, the N/C ratio increased in both samples. The amount of increase 

of N/C ratio at lower substrate temperature was higher than that at higher temperature. 

This result indicates that nitride layer formed on the low-k organic films during the N2 

plasma exposure at lower substrate temperature is thicker than that at higher 

temperature. 

Figure 3.15 shows the XPS C1s spectra of the low-k organic film surface 

exposed to N2 plasma for 120 s at substrate temperatures of (a) 4 °C and (b) 54 °C. On 

the spectrum of the initial films before the plasma etch, no shoulder arose from the 

chemical shift for carbon-nitrogen bonding and no signal from N 1s was observed. Note 

that on the spectra taken after the plasma etch, peak shifts attributed to C-O (288.3 eV), 

sp3 C-N (288.7 eV), sp2 C=N (286.0 eV), and C-C (285.0 eV) were detected [16-18]. 

From these results, CN layer was formed on the surface by exposed to N2 plasma. 

Figure 3.16 shows the XPS N1s spectra of the low-k organic film surface exposed to N2 

plasma for 120 s at substrate temperatures of 4 °C and 54 °C. The N1s spectra of the 
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sample exposed to N2 plasma have a broad peak corresponding to bonding 

configurations related to nitrogen atoms. The N1s peak consists of three contributions. 

The contributions corresponded to CN layer, which were attributed to sp3 N-C (398.5 

eV), sp2 N=C (400.0 eV) and N-O (402.0 eV). The figure showed dominant peak is 

N-O bonds since the exposure of modified material to the atmosphere can then amplify 

the formation of N-O into the modified top surface (note: XPS measurement was carried 

out ex situ). These spectra were obtained at take-off angles of 80°.  
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Fig. 3.13 Atomic concentration of organic films after N2 plasma exposure at Si substrate 

temperature of (a) 4 °C and (b) 54 °C calculated from XPS spectra. 
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Fig. 3.14 Variation of N/C ratio of organic films as a function of take-off angle 

measured by XPS. 
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Fig. 3.15 C1s spectra of (a) pristine sample and sample surface exposed to N2 plasma at 

Si substrate temperature of (b) 4 °C and (c) 54 °C. 
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Fig. 3.16 N1s spectra of sample surface exposed to N2 plasma at Si substrate 

temperature of 4 °C and 54 °C. 
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Figure 3.17 shows the percentages of C–O, sp3 C–N, sp2 C=N, and C–C 

concentrations of the surface components. C–N/C–C ratio decreased with increasing 

substrate temperature. The signal intensities of sp3 C–N and sp2 C=N bonds increased 

after the plasma exposure in the experiment. These results indicate that the nitride layers 

that formed on low-k organic films by the N2 plasma exposure at lower substrate 

temperatures are thicker than those by the N2 plasma exposure at higher substrate 

temperatures. Since previous works showed that sp3 C–N bonds inhibit sidewall etching 

owing to H radicals [4,6], we conclude that a higher concentration of sp3 C-N bonds 

formed at lower substrate temperatures leads to less damage to organic films during a 

plasma process.  

To investigate the relationship between the formation of nitride layer and the 

etch rate on the sidewall, the etching rate of low-k organic films by H2 plasma exposure 

with or without previous N2 plasma treatment was measured, and the results are shown 

in Fig. 3.18. The plasma etching was performed at a total pressure of 2.0 Pa, a VHF 

power of 400 W, and a bias voltage of -500 V. The etch rate of the low-k organic films 

treated with N2 plasma. The etching rate of the low-k organic films using H2 plasma 

after N2 plasma treatment at a substrate temperature of 4 °C is smaller than that at a 

substrate temperature of 54 °C. Under the conditions of N2 plasma exposure at a high 

substrate temperature, the protective effect of the nitride layer was weak. These results 

also support the conclusion that nitride layers formed on the sidewall at low substrate 

temperatures protect organic films against etching. 

  



Chapter 3 
 

90 
 

0
10
20
30
40
50
60
70
80
90

100
 

 

 

 
R

at
io

 [%
]

 C-O
 sp3 C-N
 sp2 C=N
 C-C

54
Temperature (degree C)
4

 

 

Fig. 3.17 Ratio of C-O, C-N, and C-C bond of organic film as a function of substrate 

temperature. 
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Fig. 3.18 Etch rate of organic film by H2 plasma exposure. 
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3.4 Conclusion 

 

Low-k organic films were etched using a dual-frequency CCP etching reactor 

employing a gas mixture of H2/N2. Absolute H and N radical densities were measured 

by VUVAS, and substrate temperature was measured using an optical-fiber-type 

low-coherence interferometer during precise low-k organic film etching. We have 

successfully measured substrate temperature in real time during the etching process. It 

was found that substrate temperature increased with increasing H radical density ratio of 

H/(H+N). On the basis of these measurements, the etching profiles of low-k organic 

films were investigated. Using the results, we developed a new process that controls 

radical density ratio depending on substrate temperature step by step. 

The amount of bowing on the sidewall decreased markedly with the new 

process. XPS analysis confirmed that nitride layers formed at low substrate 

temperatures by nitrogen-related species protect films against sidewall etching. We have 

succeeded in the control of the etched feature profile of low-k organic films precisely 

using internal parameters of plasma processing even though the organic materials have 

mechanical and chemical instability. However, Uchida et al. pointed out that 

modification of the low-k organic films were considerably less than that of porous low-k 

films. We investigated that kind of problem on the porous low-k material in next 

Chapter. 
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Chapter 4 Investigation of Effect of Remained 
Fluorocarbon Layer and Air Exposure after 
Plasma Exposure on Low-k Porous SiOCH 
Films 

 
 

4.1 Introduction 

 

 This Chapter describes effect of remained fluorocarbon (CF) layer and air 

exposure after plasma exposure on porous low-k SiOCH films. Main integration 

difficulties of the porous low-k materials are their sensitivity to plasma exposures 

leading to a change of the film structural properties. Electrical performance and 

reliability of the porous low-k materials are degraded when they are exposed to plasma 

processes such as etching and ashing during microfabrication [1]. Many research groups 

investigated degradation mechanism of the porous low-k films induced by plasma 

processes by ex situ analysis. Those studies provided us useful information to 

understand plasma damage mechanism. However those studied assume that surface 

modification caused by exposure to air after plasma processes is negligible compared 

with that caused by plasma exposure [1-10]. The low-k films were characterized by 

spectroscopic ellipsometry, Fourier-transform infrared reflection absorption 

spectroscopy (FTIR-RAS), and chemical composition was investigated using the ex situ 

XPS. Vacuum ultraviolet absorption spectroscopy (VUVAS) was used to measure the H 

and N radical densities in the plasmas. The low-k films are exposed to various plasmas 

through ULSI manufacturing processes. After a plasma etching process using 

fluorocarbon plasma, a CF layer is formed on the low-k film surface. We investigated 

the effect of the CF layer during H2 or N2 ashing plasma exposure. 
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4.2 Experimental Details 

 

Effect of fluorocarbon (CF) layer remained after low-k etching process. The 

SiOCH low-k film was exposed to a 60 MHz excited capacively coupled plasma (CCP) 

for depositing a CF layer as shown in Fig. 4.1. This 60 MHz CCP chamber is different 

from the 100 MHz CCP chamber used for igniting ash plasma since the fluorocarbon 

gases have never been introduced to the 100 MHz CCP chamber in order to avoid a 

memory effect due to a CF film deposition on the chamber walls. The CF layer was 

deposited on the porous SiOCH films in fluorocarbon-based plasmas (C4F8/Ar). In this 

CF layer deposition process, pressure, a 60 MHz power, substrate temperature, and flow 

ratio of C4F8/Ar was 5.0 Pa, 500 W, 20 °C, 10/500 sccm, respectively. We investigated 

Si-CH3 bond using the in situ FTIR-RAS and chemical composition using the ex situ 

XPS on the porous SiOCH films with or without the CF layer during the H2 or N2 

plasma exposure. In this ashing plasma exposure process, the pressure, the 100 MHz 

power, the substrate temperature, and the flow ratio of H2 or N2 were 2.5Pa, 450 W, 20 

°C, 100 sccm, respectively.  

The ash plasma processes were performed in a parallel-plate capacitively 

coupled plasma (CCP) chamber excited by very high frequency (VHF) radiation with a 

frequency of 100 MHz (See Fig. 3.1). To generate a plasma, VHF power was applied to 

the upper electrode through a matching network. The lower electrode was floating. The 

H2 and N2 gases were fed from the upper electrode through a showerhead electrode. A 

total gas flow is 100 sccm. A Si wafer was placed on the lower electrode with an 

electrostatic chuck system. The lower electrode temperature was controlled by solvent 

cooling. Helium was introduced between the electrode and the wafer (He backside 

cooling) to improve heat transfer. The thickness of porous SiOCH film (k = 2.3, 

approximately 40% porosity) was 75 nm and the refractive index at 633 nm was 1.31.  

An in situ spectroscopic ellipsometer and FTIR and VUVAS systems were 



Chapter 4 
 

97 
 

installed in the chamber. The thickness and the refractive index at 633 nm of the porous 

SiOCH films were measured by in situ spectroscopic ellipsometry (M-2000F, JA 

Woollam). A single-layer Cauchy model was used to fit the ellipsometry data. Actual 

data were improved to fit based on two layer model but ambiguities in parameters such 

as each layer thickness, the Cauchy coefficients will be irreversible issued. Here for 

simplification, we assumed to be the model of single layer. The refractive index is 

related to the dielectric constant as ε(λ) = n(λ)2 + k(λ)2, where ε is the relative dielectric 

constant, λ is the wavelength, and n and k are respectively the real and imaginary parts 

of the refractive index. 

Chemical bond structures in the porous SiOCH films were analyzed by in situ 

FTIR-RAS (Thermo Scientific, Nicolet-8700). FTIR-RAS spectra were recorded 

between 400 and 4000 cm-1 with a spectral resolution of 4 cm-1 by averaging 500 scans. 

FTIR-RAS spectra presented in this study were not normalized with respect to the 

SiOCH film thickness since film shrinkage may occur [5]. 

To measure the H and N radical densities in the ashing plasma, VUVAS was 

performed using a microdischarge hollow-cathode lamp close to the chamber sidewall 

to prevent disturbing the plasma [11−15].  

The Si substrate temperature was measured by a temperature measurement 

system that employs low-coherence interferometry [16]. This system enabled us to 

estimate the Si wafer temperature during plasma processes by measuring the light path 

length in the Si wafer, which varied due to thermal expansion and changes in the 

refractive index. 
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Fig. 4.1 Schematic diagram of 60MHz/2MHz CCP etcher. 
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4.3 Results and Discussion 

 

4.3.1 Ashing Rate  

 

Resist stripping (ashing) was performed by H2, H2/N2 (1:1), and N2 plasma at a 

total pressure of 2.5 Pa, a 100MHz power of 450 W, a 2MHz bias power of 250 W, and 

a substrate temperature of 20 °C. Figure 4.2 shows ash rate by H2, H2/N2, and N2 plasma. 

The ash rate was calculated based on cross-sectional SEM image of blanket ArF 

photoresist. The ash rate of H2, H2/N2, and N2 plasma were 88.3, 248, 98 nm, 

respectively. These behaviors of etch rates are similar to the results of the etch rate of 

low-k organic films discussed in Chapter 3. 
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Fig. 4.2 Ash rate as a function of H2 flow rate ratio H2/(H2+N2). 
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4.3.2 Modification by Air Exposure after Plasma Exposure 

 

To investigate the effect of air exposure on damaged the porous SiOCH films 

after plasma exposure, modifications to films were examined by in situ spectroscopic 

ellipsometry and FTIR-RAS spectroscopy after exposure to H2, H2/N2, and N2 plasma 

for 60 s and after exposure to air for 2 h. Measurement position for all tests were center 

of the samples. Figure 4.3 shows the variation in the refractive index after H2, H2/N2, 

and N2 plasma exposure for 60 s and subsequent air exposure. The refractive index of 

all samples increased after the plasma exposures and it increased further on air exposure. 

FTIR-RAS analysis indicates that the porous SiOCH films have absorption bands 

between 3200 and 3700 cm-1 (attributed to the Si−OH bond and H2O), between 2850 

and 3000 cm-1 (attributed to the CHx bond), at 1275 cm-1 (attributed to the Si−CH3 

bond), and between 1000 and 1250 cm-1 (attributed to the Si−O−Si bond) (see Figs. 4.4 

(A) and (B)) [17]. The Si−NH2, Si−OH, and H2O peak intensities increase after H2/N2 

plasma exposure and are further enhanced after air exposure. The Si−O−Si peak was 

shifted after H2/N2 plasma exposure and after air exposure. These results reveal that 

exposing the porous SiOCH films to air after plasma processes modifies the films. 

Based on these results, we conclude that the effect of plasma exposure and air exposure 

should be discussed separately and in situ analysis is critical for accurately investigating 

the plasma damage mechanism. The details of effects of air exposure will be discussed 

later. 
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Fig. 4.3 Differential refractive index of porous SiOCH films after H2/N2 plasma and air 

exposure. 
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Fig. 4.4 FTIR spectra of porous SiOCH films before and after H2/N2 plasma exposure 

and air exposure for (A) Si-OH and H2O band and (B) Si-CH3 and Si-O-Si band. 
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4.3.3. Effect of Remained Fluorocarbon Layer on Porous SiOCH Films 

 

In this section, we investigate the effect of CF layer remained after low-k 

etching process. The CF layer was deposited on the porous SiOCH films in 

fluorocarbon-based plasmas (C4F8/Ar). In this CF layer deposition process, pressure, a 

60 MHz power, substrate temperature, and flow ratio of C4F8/Ar was 5.0 Pa, 500 W, 20 

°C, 10/500 sccm, respectively. We investigated Si-CH3 bond using the in situ 

FTIR-RAS and chemical composition using the ex situ XPS on the porous SiOCH films 

with or without the CF layer during the H2 or N2 plasma exposure. In this ashing plasma 

exposure process was carried out in the 100 MHz CCP chamber, the pressure, the 100 

MHz power, the substrate temperature, and the flow ratio of H2 or N2 were 2.5Pa, 450 

W, 20 °C, 100 sccm, respectively. 

Figure 4.5 shows the variation of the Si-CH3 bond absorbance for the porous 

SiOCH films as a function of the H2 or N2 plasma exposure time. The amount of Si-CH3 

bond in the porous SiOCH films with or without CF layer after the H2 plasma exposure 

were 10% and 8.0%, respectively. In the case of the N2 plasma process, the amounts of 

Si-CH3 bond in the films with or without CF layer were 50% and 42%, respectively. 

From these results, we confirmed that the Si-CH3 bond was protected by the CF layer 

during the N2 plasma exposure. Figure 4.6 and 4.7 show the refractive index and 

thickness of the porous SiOCH films as a function of plasma exposure time. In the case 

of H2 plasma, the difference in refractive index and thickness were only seen on the 

samples before the plasma exposure. There was little effect of CF layer during the 

plasma exposure, which imply CF layer was removed immediately by H2 plasma. In the 

case of N2 plasma, the changes of refractive index and thickness on the sample with CH 

layer were smaller than that without CF layer.  

Figure 4.8 shows the atomic concentration of the porous SiOCH film and the 

films after the H2 or N2 plasma exposure. The XPS analysis were demonstrated on (a) 
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the pristine film, (b) after the CF layer deposit process, (c) after the H2 plasma exposure, 

(d) after the N2 plasma exposure, (e) after the CF layer deposit process and the H2 

plasma exposure, (f) after the CF layer deposit process and the N2 plasma exposure. The 

presence or absence of the CF layer did not affect to chemical composition after the 

plasma exposure. The fluorine concentration on the porous SiOCH film after CF layer 

deposition was 27%. After the H2 plasma exposure, a small amount of fluorine was 

detected on the film, however, the fluorine concentration after the N2 plasma exposure 

was 3%. Figure 4.9 shows C1s core level energy regions of XPS for the porous SiOCH 

films after fluorocarbon-based plasmas exposure. The deposited CF layer on the porous 

SiOCH films consist of CF, CF2, CF3. 

Figure 4.10 shows C1s core level energy regions of XPS for the porous SiOCH 

films after the H2 or N2 plasma exposure. No peak shift was detected after the H2 

plasma exposure as shown in Fig. 4.10 (a). While the peak shift corresponding to CFx 

and CN were detected as shown in Fig. 4.10 (b). These results showed that the CF layer 

removed after the H2 plasma exposure and the CF layer and reactive layer remained on 

the films after the N2 plasma exposure and slowed down the plasma damage generation. 

The reason why the plasma damage occur even though the CF layer exist on the porous 

SiOCH film is probably because radicals and radiation light pass though the CF layer 

and damage to the porous SiOCH films. Schematic model of effect of remained CF 

layer on porous SiOCH film during ash plasma process is shown in Fig. 4.11. 
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Fig. 4.5 Si-CH3 bond absorbance as a function of plasma exposure time. 
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Fig. 4.6 Refractive index as a function of plasma exposure time. 
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Fig. 4.7 Thickness as a function of plasma exposure time. 
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Fig. 4.8 Chemical composition of porous SiOCH films: (a) pristine, (b) after CF layer 

deposit, (c) after H2 plasma, (d) after N2 plasma, (e) after CF layer deposit and H2 

plasma, (f) after CF layer deposit and N2 plasma. 
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Fig. 4.9. C1s spectra on porous SiOCH films after fluorocarbon-based plasmas 

exposure. 
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Fig. 4.10 C1s spectra on porous SiOCH films after (a) H2 plasma exposure, (b) N2 

plasma exposure. 
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Fig. 4.11 Schematic model of effect of remained CF layer on porous SiOCH film during 

ash plasma process. 

 

 

4.3.4 Temperature Dependence 

 

In this section, we consider the substrate temperature dependence of the plasma 

damage. We employed the temperature measurement system that uses low-coherence 

interferometry to measure the substrate temperature. Figure 4.12 shows the normalized 

Si−CH3 bond (1275 cm-1) absorption area of the porous SiOCH films after H2/N2 

plasma exposure (H2/N2 gas flow ratio: 0.75) for 60 s at four substrate temperatures. In 

this experiment, the substrate temperature is the average of the Si wafer temperatures 

that were measured every 3 s during the plasma process. The substrate temperature 

increased during plasma exposure for 60 s. The normalized Si−CH3 bond absorption of 

the films after the plasma exposure was about 0.4 in the range 8 to 74 °C. In situ 

ellipsometry measurements revealed that the thickness of the porous SiOCH films did 

not change with the substrate temperature (not shown here). This indicates that the 

substrate temperature does not affect the amount of damage in this temperature range. 

Therefore, we did not account for substrate temperature variations during plasma 

exposure in subsequent experiments. 
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Fig. 4.12 Si-CH3 bond absorption areas of porous SiOCH films after H2/N2 plasma as a 

function of substrate temperature. 

 

 

  



Chapter 4 
 

111 
 

4.3.5 Plasma Diagnostics 

 

To estimate the effect of radicals, the H and N radical densities in the plasmas 

were investigated using VUVAS. In these measurements, the total gas flow was 100 

sccm (H2/N2 gas flow ratio was 0.5), the total pressure was 2.5 Pa, the VHF power was 

450 W, the substrate temperature was 20 °C. The lower electrode was floating. Figure 

4.13 shows the H and N radical densities in H2 and H2/N2 plasmas. The N radical 

density was 1.5 × 1010 cm-3 in the H2/N2 plasma, whereas N radicals were not detected 

in the H2 plasma. The H radical density was 2.3 × 1011 cm-3 in the H2/N2 plasma, which 

is higher than that in the H2 plasma, This result also support that N radicals inhibit the 

extraction of Si−CH3 bonds by H radicals. 

Figure 4.14 shows the optical emission spectra of H2 and H2/N2 plasmas in the 

wavelength range 115 to 250 nm. A broad emission in the range 150 to 170 nm and a 

narrow emission at 121.6 nm were observed. Since the bond energies of Si–C and Si–O 

are respectively 4.5 eV (275 nm) and 8.0 eV (155 nm), VUV radiation in H2 and H2/N2 

plasmas might break these bonds by bond excitation [6]. The VUV intensity in the H2 

plasma is stronger than in the H2/N2 plasma. This agrees well with the spectroscopic 

ellipsometry and FTIR spectroscopy results for the modification of sample (d), which 

had been exposed to only light radiation. 
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Fig. 4.13 H and N radical densities as a function of flow rate ratio. 

 

 

 

Fig. 4.14 Optical emission spectra of H2 and H2/N2 plasmas in VUV and UV regions. 
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4.4 Conclusion 

 

In this Chapter, effect of remained CF layer and air exposure after plasma 

exposure on low-k porous SiOCH Films. Vacuum ultraviolet absorption spectroscopy 

(VUVAS) was used to measure the H and N radical densities in the plasmas 

 Change of refractive index and thickness, and chemical composition during 

plasma treatment and subsequent air exposure was investigated using FTIR and 

spectroscopic ellipsometry, XPS, respectively. There was no big difference in thickness 

during air exposure, but the refractive index increased. It could be due to the water 

absorption during air exposure. The CF layer did not have a large effect on H2 plasma 

process. On the other hand, the CF layer inhibited the plasma damage during N2 plasma 

process. The mechanism of ash plasma damage on porous SiOCH films are investigated 

in next Chapter. 
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Chapter 5 H2/N2 Plasma Damage on Low-k Porous SiOCH Film 

Evaluated by In Situ Film Characterization 
 
 

5.1 Introduction 

  

This Chapter describes the mechanism of H2/N2 plasma ashing damage of 

porous SiOCH film.. Investigations of degradation mechanism of porous low-k films 

induced by plasma processes have been investigated only by ex situ experiments. Those 

studies provided us useful information to understand plasma damage mechanism. 

Several research groups have investigated the damage generation mechanism and 

revealed that NxHy, H, and N radicals react with SiOCH film and increase of dielectric 

constant is mainly attributed to the moisture uptake [1-10]. In this Chapter, we 

investigated the plasma ashing damage mechanism on porous SiOCH films using in situ 

or ex situ film characterization techniques. We have constructed an in situ measurement 

system to evaluate the properties of porous SiOCH films during plasma processing. The 

surface reactions of porous low-k materials induced by ions, radicals, and light were 

investigated using pallet for plasma evaluation (PAPE) [6]. The low-k films were 

characterized by in situ spectroscopic ellipsometry, in situ Fourier-transform infrared 

reflection absorption spectroscopy (FTIR-RAS), ex situ dynamic secondary ion mass 

spectrometry (SIMS), and ex situ X-ray photoelectron spectroscopy (XPS). Vacuum 

ultraviolet absorption spectroscopy (VUVAS) was used to measure the H and N radical 

densities in the plasmas.  
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5.2 Experimental Details 

 

The ash plasma processes were performed in a parallel-plate capacitively 

coupled plasma (CCP) chamber excited by very high frequency (VHF) radiation with a 

frequency of 100 MHz (See Fig. 3.1). The lower electrode was floating. The mixture 

gases of H2 and N2 were fed from the upper electrode through a showerhead electrode. 

A total gas flow is 100 sccm (H2/N2 gas flow ratio was 0.5 unless otherwise mentioned). 

A Si wafer was placed on the lower electrode with an electrostatic chuck system. The 

lower electrode temperature was controlled by solvent cooling.  

A porous SiOCH (k = 2.3, approximately 40% porosity) layer was coated on a 

150-nm-thick tungsten layer deposited on a Si substrate for the FTIR-RAS experiment. 

The film thickness was 75 nm and the refractive index at 633 nm was 1.31. The porous 

SiOCH films were treated by H2/N2 plasma in the CCP chamber. Plasma ashing was 

performed at a total pressure of 2.5 Pa, a VHF power of 450 W, and a substrate 

temperature of 20 °C. 

An in situ spectroscopic ellipsometer and FTIR and VUVAS systems were 

installed in the chamber. The thickness and the refractive index at 633 nm of the porous 

SiOCH films were measured by in situ spectroscopic ellipsometry (M-2000F, JA 

Woollam). A single-layer Cauchy model was used to fit the ellipsometry data.  

Chemical bond structures in the porous SiOCH films were analyzed by in situ 

FTIR-RAS (Thermo Scientific, Nicolet-8700). FTIR-RAS spectra were recorded 

between 400 and 4000 cm-1 with a spectral resolution of 4 cm-1 by averaging 500 scans. 

Angle of incidence in FTIR-RAS measurements was 80 degrees with normal to the 

surface. Infrared radiation was polarized with electric field parallel to an incident plane 

(p-polarization), introduced through KBr windows to sample position, and detected by 

using liquid nitrogen cooled mercury cadmium telluride detector. Since the porous 

SiOCH was coated on a tungsten layer, the signal of the reflection absorption spectrum 
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was improved and infrared absorption by the Si substrate was negligible. FTIR-RAS 

spectra presented in this study were not normalized with respect to the SiOCH film 

thickness since film shrinkage may occur [5]. 

The in situ PAPE method was employed to evaluate the individual or combined 

effects of light, radicals, and ions generated by the plasmas. A MgF2 window or a Si 

plate were placed above the film [6,11]. Four experiments were performed: (a) MgF2 

window with no space, (b) Si plate with a parallel plate gap, (c) MgF2 plate with a gap, 

and (d) no placement (see Fig. 5.1). Ion bombardment is significantly reduced by the Si 

plate and the MgF2 window. Since the MgF2 window transmits light with wavelengths 

above 115 nm, the effect of light could be distinguished by experiment (a). The porous 

SiOCH film was shielded by the Si plate in experiment (b). With the parallel plate gap, 

radicals could diffuse through the gap and react with the sample. Experiment (c) was 

performed to assess the role of radicals and light. Experiment (d) was performed to 

clarify the effect of the interaction of light, radicals, and ions on the porous SiOCH 

films. We accounted for the fact that the radicals that diffuse through the gap are 

estimated to have lower densities than incident radicals when there is no Si plate or 

MgF2 window. To investigate the effect of only plasma exposure on the porous SiOCH 

films, a PAPE was installed in the vacuum chamber. Actual experiment was carried out 

as shown in Fig. 5.2. In situ FTIR-RAS and spectroscopic ellipsometry was performed 

on the porous SiOCH films every after plasma exposure for 15 s to see changes of 

chemical bonds, film thickness, and refractive index. To investigate the effect of air 

exposure, air was introduced into the chamber after the plasma process and the films 

were exposed to air for 2 h. 
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Fig. 5.1 Schematic diagram of sample structure. 
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Fig. 5.2 Schematic diagram of experimental procedure. 
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5.3 Results and Discussion  

 

5.3.1 Roles for Ions, Radicals, and Light Radiation Analyzed by in situ Film 

Characterization 

 

The porous SiOCH films were treated by H2/N2 plasmas in the CCP chamber 

with a Si plate and a MgF2 window to evaluate the individual effects of ions, radicals, 

and light radiation. In situ FTIR-RAS and spectroscopic ellipsometry was performed on 

the porous SiOCH films every after plasma exposure for 15 s to see changes of 

chemical bonds, film thickness, and refractive index (Note: FTIR analysis required 

longer than 5 min to obtain a good signal-to-noise ratio.). We assumed that the films 

damaged by plasma were not modified during film characterization in the vacuum 

chamber. 

Figures 5.3(A), (B), and (C) show the porous SiOCH film thickness as 

functions of H2, H2/N2, and N2 plasma exposure times, respectively. First in pure 

hydrogen case, the thickness of sample (a), which had been exposed to light radiation, 

decreased to 66 nm and the thickness of sample (c), which had been exposed to radicals 

and light radiation, decreased to 63 nm and. The thickness of sample (d), which had 

been exposed to ions, radicals, and light radiation, decreased drastically from 75 nm to 

52 nm after H2 plasma exposure. In contrast, the thickness of sample (b), which had 

been exposed to radicals, did not decrease. This indicates that H radicals alone are not 

responsible for reducing the film thickness; rather, ions, light, and the synergy between 

the radicals, and light causes the thickness reduction of porous SiOCH films. For the 

H2/N2 plasma, the thickness of sample (d) decreased to 63 nm. The thicknesses of the 

other three samples decreased slightly. The thicknesses of samples that had been treated 

with the H2 plasma vary more than those of samples that had been treated with H2/N2 

plasma. For the N2 plasma, the thickness of sample (c) and (d) decreased to 69.5 and 
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68.5 nm, respectively. The thicknesses of the other two samples decreased slightly. The 

thicknesses of samples that had been treated with the H2 plasma vary more than those of 

samples that had been treated with H2/N2 plasma. As described later, for this H2/N2 case, 

H radical amount was greater than the pure H2 case. Therefore we believe addition of 

nitrogen reduced changes in thickness of the film by inhibiting SiOCH etch.  
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Fig. 5.3 Variation of porous SiOCH film thickness as a function of (A) H2 plasma, (B) 

H2/N2 plasma, and (C) N2 plasma exposure time. 
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Figures 5.4(A), (B), and (C) show the changes in the refractive index of the 

porous SiOCH films during H2, H2/N2, and N2 plasma exposure. The refractive index of 

each sample prior to plasma exposure was about 1.33. After H2 plasma exposure for 60 

s, the refractive index of sample (d) increased drastically, whereas those of the other 

samples changed slightly. In the case of the H2/N2 plasma, the refractive index of 

sample (d) increased, whereas those of the other samples changed slightly. In the case of 

the N2 plasma, the refractive index of sample (d) increased, whereas those of the other 

samples changed slightly. Compared with the H2 plasma, the H2/N2 or N2 plasma 

changes the refractive index less. These results indicated that ions strongly increase the 

refractive index of the porous SiOCH films. 

Modification of the porous SiOCH films was examined by in situ FTIR 

spectroscopy (FTIR-RAS spectra will be shown later). Figures 5.5(A), (B), and (C) 

show the normalized area of Si−CH3 bond absorption in the porous SiOCH films during 

H2, H2/N2, and N2 plasma exposure. In the case of H2 plasma, as similar as the cases for 

changes in thickness and refractive index as described before, Si−CH3 bond absorption 

of sample (d) for exposing all ions, radicals and light radiation decreased drastically to 

0.08. The effect of exposure to light radiation, as seen in samples (a) and (c), is to 

reduce the normalized area of Si−CH3 bond absorption suppressed to decrease to be 

0.53 and 0.44, respectively. In the case of H2/N2 plasma exposure, Si−CH3 bond 

absorption of samples (b), (c), and (d) decreased to 0.90, 0.77, and 0.31, respectively. 

The amount of Si−CH3 extracted by H2/N2 plasma was smaller than that by H2 plasma.  

By utilizing the silicon plate and the MgF2 window, we evaluated the 

individual and combined contributions of ions, radicals and light radiations. First, in the 

case of pure hydrogen, we concluded that H radicals alone are not responsible for 

reducing the film thickness and increasing refractive index, but can reduce Si-CH3 bond 

density. Ions, light, and the synergy between the radicals and light cause the 

modifications of porous SiOCH films. This tendency is also observed for H2/N2 plasma 
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exposure, however, those results indicated a suppression of changes in the modifications. 

Thus we speculate that nitrogen-related species were responsible for these differences. 

So we considered how the plasma parameters are modified in the mixture plasma of 

nitrogen and hydrogen.  
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Fig. 5.4 Differential refractive index of porous SiOCH films as a function of (A) H2 

plasma, (B) H2/N2 plasma, and (C) N2 plasma exposure time. 
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Fig. 5.5 Variation of Si-CH3 bond absorption of porous SiOCH films as a function of 

(A) H2 plasma, (B) H2/N2 plasma, and (C) N2 plasma exposure time. 
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Figure 5.6 shows in situ FTIR-RAS spectra of porous SiOCH films before and 

after H2/N2 plasma exposure for 180 s. The pristine film had absorption bands between 

2850 and 3000 cm-1 (attributed to the CHx bond), at 1275 cm-1 (attributed to the Si-CH3 

bond), and between 1000 and 1250 cm-1 (attributed to the Si-O-Si bond). FTIR-RAS 

detected peaks between 3200 and 3700 cm-1 (attributed to the Si-OH bond and H2O), 

between 2300 and 2100 cm-1 (attributed to the Si-H bond), and between 1600 and 1500 

cm-1 (attributed to the Si-NH2 bond) in the porous SiOCH film exposure to H2/N2 

plasma. The FTIR spectra revealed that the porous SiOCH films consist of a Si–O–Si 

structure terminated by methyl groups (Si–CH3).  

Figures 5.7 – 5.9 show enlarged FTIR-RAS spectra of porous SiOCH films 

during H2, H2/N2, and N2 plasma exposure and after air exposure in 1400-900 cm-1 

region at different conditions: (a) light radiation, (b) radical, (c) radical + light, and (d) 

radical + light + ion. These figures showed change in Si-O-Si and Si-CH3 peak 

intensities after each plasma exposures. These spectra contain absorption bands between 

3200 and 3700 cm-1 (attributed to Si-OH bond and H2O), between 2850 and 3000 cm-1 

(attributed to the CHx bond), at 1275 cm-1 (attributed to the Si−CH3 bond), and between 

1000 and 1250 cm-1 (attributed to the Si−O−Si bond). The amount of Si-CH3 was 

already discussed and those peak shifts in Si-O-Si will be discussed later. 
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Fig. 5.6 FTIR-RAS spectra of pristine porous SiOCH film. 

  

3500 3000 2500 2000 1500 1000

-0.2

-0.1

0.0

0.1

0.2

0.3

 Si-O-Si

 Si-H

 Si-CH3

H2/N2 plasma 180s

A
bs

or
ba

nc
e 

(a
rb

. u
ni

t)

Wave number (cm-1)

Pristine

 Si-OH 
& H2O



Chapter 5 
 

131 
 

1400 1300 1200 1100 1000 900

0.0

0.1

0.2

0.3

0.4

0.5 (a)  Pristine
 60s
 180s
 Air

 

A
bs

or
ba

nc
e 

(a
. u

.)

Wave number (cm-1)

Si-O-Si

Si-CH3

1400 1300 1200 1100 1000 900

0.0

0.1

0.2

0.3

0.4

0.5 (b)

 

A
bs

or
ba

nc
e 

(a
. u

.)

Wave number (cm-1)

Si-O-Si

Si-CH3

 

1400 1300 1200 1100 1000 900

0.0

0.1

0.2

0.3

0.4

0.5 (c)

 

A
bs

or
ba

nc
e 

(a
. u

.)

Wave number (cm-1)

Si-CH3

Si-O-Si

1400 1300 1200 1100 1000 900

0.0

0.1

0.2

0.3

0.4

0.5 (d)
Si-O-Si

 

A
bs

or
ba

nc
e 

(a
. u

.)

Wave number (cm-1)

Si-CH3

 

 

Fig. 5.7 FTIR-RAS spectra of porous SiOCH films during H2 plasma exposure and after 

air exposure in 1400-800 cm-1 region at different conditions: (a) light radiation, (b) 

radical, (c) radical + light, and (d) radical + light + ion. 
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Fig. 5.8 FTIR-RAS spectra of porous SiOCH films during H2/N2 plasma exposure and 

after air exposure in 1400-800 cm-1 region at different conditions: (a) light radiation, (b) 

radical, (c) radical + light, and (d) radical + light + ion. 
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Fig. 5.9 FTIR-RAS spectra of porous SiOCH films during N2 plasma exposure and after 

air exposure in 1400-800 cm-1 region at different conditions: (a) light radiation, (b) 

radical, (c) radical + light, and (d) radical + light + ion. 
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Figures 5.10-24 show the relationship between the extraction of methyl and 

other chemical bonds. These figures show FTIR-RAS spectra in the range 3900 - 2800 

cm-1 region of porous SiOCH films obtained during H2, H2/N2, and N2 plasma exposure 

for 60 - 180 s and after subsequent air exposure at different conditions: (a) light, (b) 

radicals, (c) light + radicals, and (d) light + radicals + ion bombardment. These spectra 

contain absorption bands between 3200 and 3700 cm-1 (attributed to Si-OH bond and 

H2O), between 2850 and 3000 cm-1 (attributed to CHx bond), and at 3335 cm-1 

(attributed to Si-NH2 bond) [13,15]. The change in the CHx peak during plasma 

exposure was similar to that for the Si-CH3 peak. These results imply that carbon was 

depleted by plasma exposure and they indicate that the CHx peak is attributable to 

Si-CH3 bonds.  

In the case of H2 plasma exposure, even though carbon was detected, no 

obvious change in the Si-OH peak was detected for samples (a) and (d) during plasma 

exposure (i.e., without exposure to air). The Si-OH peak in samples (b) and (c) 

increased with increasing H2 plasma exposure time. After air exposure, the Si-OH peak 

in samples (a), (c), and (d) increased drastically, whereas only a slight increase was 

observed for sample (b). The remarkable changes in these samples during air exposure 

can be explained by the presence of reactive species such as dangling bonds, which 

easily react with moisture and change Si-OH bonds. No obvious change was observed 

for sample (a) during exposure to the H2/N2 plasma, whereas the Si-NH2 and Si-OH 

peaks increased in samples (b), (c), and (d) during plasma exposure. The Si-OH peak 

increased in all samples after air exposure. Slight change was observed for sample (a) 

and (b) during exposure to the N2 plasma. The Si-NH2 and Si-OH peaks increased in 

samples (c), and (d) during plasma exposure. The Si-OH peak increased in all samples 

after air exposure. 
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Fig. 5.10 FTIR-RAS spectra in the range 3900-2800 cm-1 of porous SiOCH films during 

H2 plasma exposure and after subsequent exposure to air for (a) light, (b) radicals, (c) 

light + radicals, and (d) light + radicals + ion. 
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Fig. 5.11 FTIR-RAS spectra in the range 3900-2800 cm-1 of porous SiOCH films during 

H2/N2 plasma exposure and after subsequent exposure to air for (a) light, (b) radicals, 

(c) light + radicals, and (d) light + radicals + ions. 
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Fig. 5.12 FTIR-RAS spectra in the range 3900-2800 cm-1 of porous SiOCH films during 

N2 plasma exposure and after subsequent exposure to air for (a) light, (b) radicals, (c) 

light + radicals, and (d) light + radicals + ions. 
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To investigate nitrogen-containing bonds, Si-NH2 (1600 cm-1) and CH=NH 

(1655, 1725 cm-1) [13,17] peaks were considered because these peaks did not overlap 

with other peaks. Figure 5.13 and 5.14 shows FTIR-RAS spectra in the range 

1800-1500 cm-1 of porous SiOCH films during H2/N2 or N2 plasma exposure for 60-180 

s and subsequent exposure to air for the different conditions. H2 plasma exposure did 

not cause the formation of Si-NH2 and CH=NH bonds in all samples. In the case of 

H2/N2 plasma, light from H2/N2 plasma did not form any nitrogen-containing bonds, 

whereas Si-NH2 and CH=NH peaks increased with increasing H2/N2 plasma exposure 

time in samples (b), (c), and (d). The Si-NH2 peak decreased, whereas the CH=NH peak 

did not decrease when these samples were exposed to air. These results imply that 

Si-NH2 bonds react with moisture and that CH=NH bonds remain in porous SiOCH 

films exposed to air. In the case of N2 plasma, light did not form any 

nitrogen-containing bonds. Slight change was observed for sample (b) during exposure 

to the N2 plasma. Si-NH2 and CH=NH peaks increased with increasing N2 plasma 

exposure time in samples, (c), and (d). Obvious change was not observed when these 

samples were exposed to air. These results imply that Si-NH2 bonds react with moisture 

and that CH=NH bonds remain in porous SiOCH films exposed to air. 
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Fig. 5.13 FTIR-RAS spectra in the range 1800-1500 cm-1 of porous SiOCH films during 

H2/N2 plasma exposure and after subsequent exposure to air for: (a) light, (b) radicals, 

(c) light + radicals, and (d) light + radicals + ions. 
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Fig. 5.14 FTIR-RAS spectra in the range 1800-1500 cm-1 of porous SiOCH films during 

N2 plasma exposure and after subsequent exposure to air for: (a) light, (b) radicals, (c) 

light + radicals, and (d) light + radicals + ions. 
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Figures 5.15 and 5.16 show FTIR-RAS spectra in the range 2500 - 2000 cm-1 

of porous SiOCH films during exposure to H2 or H2/N2 plasmas for 60 - 180 s and 

subsequent exposure to air for different conditions. In the case of H2 plasma exposure, 

even though sample (a) was irradiated by only light, the Si-H peak increased with 

increasing plasma exposure time. This may be due to hydrogen-containing radicals 

reacting with dangling bonds. The Si-H peak in sample (b) radiated by radicals 

increased slightly during plasma exposure. The Si-H peak in samples (c) and (d) 

increased after H2 plasma exposure for 60 s; it then decreased after plasma exposure for 

180 s. No obvious changes were observed after samples (a), (b), and (d) had been 

exposed to air. The Si-H peak in sample (c) decreased after exposure to air. No obvious 

changes were observed in sample (a) during H2/N2 plasma exposure. The Si-H peak 

increased slightly in sample (b) after plasma exposure. Si-H peaks in samples (c) and 

(d) increased with increasing H2/N2 plasma exposure time. Interestingly, the Si-H peak 

in these samples decreased drastically after exposure to air, which implies that Si-H 

bonds formed by the H2/N2 plasma react with moisture. The Si-H peak for sample (c) 

was larger than that in sample (b) after exposure to both H2 and H2/N2 plasmas. This 

indicates that radicals formed Si-H bonds and that light enhanced Si-H bond formation 

during H2 or H2/N2 plasma exposure. 
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Fig. 5.15 FTIR-RAS spectra in the range 2500-2000 cm-1 of porous SiOCH films during 

H2 plasma exposure and after subsequent exposure to air for: (a) light, (b) radicals, (c) 

light + radicals, and (d) light + radicals + ions. 
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Fig. 5.16 FTIR-RAS spectra in the range 2500-2000 cm-1 of porous SiOCH films during 

H2/N2 plasma exposure and after subsequent exposure to air for: (a) light, (b) radicals, 

(c) light + radicals, and (d) light + radicals + ions. 
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5.3.2 Roles for Ions, Radicals, and Light Radiation Analyzed by Ex Situ Film 

Characterization 

 

To obtain a better understanding of the plasma damage mechanism, bulk 

analysis by dynamic SIMS and surface analysis by XPS were performed before and 

after exposure to the H2/N2 plasma. In this section, the effects of surface modification 

by air exposure during sample transfer after plasma processes could not be separated. 

Figures 5.17(A) and (B) show the carbon and nitrogen depth profiles measured 

by dynamic SIMS for the porous SiOCH films after exposure to H2/N2 plasma and air, 

respectively. Carbon depletion was observed to depths of about 40 and 30 nm from the 

surface in samples (a) and (b), respectively. Low carbon depletion was observed on the 

surface of sample (c). Carbon depletion was not observed in sample (d). Nitrogen was 

strongly observed about 5 nm from the surface and weakly observed in the bulk of 

sample (a). For samples (b) and (c), nitrogen was weakly observed in the bulk. Nitrogen 

was not observed in sample (d). These results confirm that the extraction of methyl by 

radicals occurred from the film surface and was enhanced by light and adding ions 

increase the extraction of methyl. The SIMS data reveal that the porous SiOCH film 

exposed to H2/N2 plasma has a layer that been highly damaged by radicals and ions and 

a layer that had been slightly damaged by light after H2/N2 plasma exposure. 

Figure 5.18 shows the surface compositions calculated from XPS spectra [Si 

(2p), C (1s), O (1s), N (1s)] of the porous SiOCH films before and after H2/N2 plasma 

exposure. In samples (b), (c), and (d), the oxygen concentration on the porous SiOCH 

surface had increased whereas carbon depletion had decreased after H2/N2 plasma 

exposure. On top of that, small amounts of nitrogen were detected on samples (b), (c), 

and (d). No obvious changes in the atomic composition were observed for sample (a). 

These results also support the conclusions that the radicals extract methyl from the 

surface and that light alone does not have much impact on the surface. 
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Fig. 5.17 (A) Carbon and (B) Nitrogen depth profiles of porous SiOCH films obtained 

by dynamic SIMS. 
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Fig. 5.18 Surface compositions of porous SiOCH films obtained by XPS. 
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5.3.3 Modification of Si-O-Si Structure in Porous SiOCH Films by Ions, Radicals, 

and Light Radiation 

 

To investigate the modification of Si-O-Si structures in the porous SiOCH 

films, IR absorption in the range 985-1250 cm-1 was decomposed into three bands with 

peaks at 1035, 1065, and 1149 cm-1, which correspond to linear, network, and cage 

structures, respectively [13,16,17]. Cage structure is a three-dimensional structure, and 

contains basically one methyl group. Network structure is also a three-dimensional 

structure doesn’t contain basically methyl group. Linear structure is a two-dimensional 

structure contains mainly two basically group. For comparison with reported 

transmission spectra, we calculated absorption spectra by using the Fresnel equation 

using the dielectric function of porous SiOCH films extracted from measured reflection 

spectra. Each Si-O-Si structure and deconvoluted absorption peak is shown in Fig. 5.19. 

Figures 5.20 and 5.21 show the relative proportions of the individual 

components described above such as the linear, network, and cage structures in porous 

SiOCH films after H2 or H2/N2 plasma exposure for 180 s and subsequent air exposure. 

The variation in these three peak area ratios was investigated during plasma exposure 

and air exposure.  

In the case of H2 plasma exposure, the cage structure decreased, whereas the 

linear structure increased remarkably after sample (a) was exposed to the plasma. This 

implies that light breaks Si-O-Si bonds, generating Si-O dangling bonds; these Si-O 

dangling bonds are then detected as linear structures. A slight change was observed 

during H2 plasma exposure of sample (b). This result agrees well with the amount of 

residual silicon-methyl bonds. 

In sample (c), linear and network structures increased, whereas the cage 

structure decreased during plasma exposure. The linear and cage structures decreased, 

while the network structure increased in sample (d). For all four samples, the ratio of 
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linear structures decreased, while the ratios of cage and network structures increased on 

exposure to air. These ratios changed dramatically for sample (c). The network structure 

decreased and the cage structure increased during H2/N2 plasma exposure of sample (a) 

(which was irradiated only by light emitted by the plasma). A slight change was 

observed during plasma exposure of samples (a) and (b). The linear and cage structures 

decreased and the network structure increased during plasma exposure of sample (d). 

For all four samples, the ratio of the linear structure decreased and the ratio of the cage 

structure increased on exposure to air. This change was remarkable for sample (d). The 

difference in the behaviors of sample (d) obtained during air exposure after exposure to 

H2 and H2/N2 plasmas is considered to be due to the shrieked layer on top of the film 

being altered by the H2 plasma.  

 

 

 

Fig. 5.19 Diagrams of each Si-O-Si structure and deconvoluted absorption peak.  
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Fig. 5.20 Relative proportions of Si-O-Si structures in porous SiOCH films during (A) 

H2 plasma and (B) H2/N2 plasma exposure and after subsequent exposure to air. 
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5.3.4 H2/N2 Plasma Damage Mechanism of Porous SiOCH Films 

 

In the case of the H2/N2 plasma, XPS and dynamic SIMS analysis revealed that 

the surface of the porous SiOCH films was a nitride due to N radicals. Although light 

transmits through the thin nitride layer and the H radical density was higher than in the 

H2 plasma, fewer Si−CH3 bonds were broken by H2/N2 plasma exposure since the light 

flux was low in the H2/N2 plasma and the nitride layer inhibits diffusion of H radicals. 

Therefore, the variations in the thickness, refractive index, and Si−CH3 bond absorption 

of the porous SiOCH films after H2/N2 plasma exposure were smaller than those of the 

film exposed to the H2 plasma. 

The experimental results in the previous section reveal the effect of ions, 

radicals, and light in H2 and H2/N2 plasmas. In this section, we propose models for the 

plasma damage mechanism.  

 

Role of Radicals 

Radicals in H2 and H2/N2 plasmas (e.g., NxHy, H, and N radicals) can break 

silicon-methyl bonds in porous SiOCH films, leading to Si–H and Si-NH2 bonds being 

formed by the following reactions: 

 

≡Si–CH3 + 2H → ≡Si–H + CH4 

ΔHr = −418 kJ mol−1 at 298 K    (5.1) 

≡Si–CH3 + N + 3H → ≡Si–NH2 + CH4 

ΔHr = −1375 kJ mol−1 at 298 K    (5.2) 

≡Si–CH3 + NH2 + H → ≡Si–NH2 + CH4 

ΔHr = −593 kJ mol−1 at 298 K    (5.3) 

 

As these equations show, H radicals break silicon-methyl bonds. Reaction (5.1) occurs 
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preferentially since its enthalpy (ΔHr) is more negative than those of the other reactions. 

This reaction occurs from the surface to bulk, as the SIMS data shows. The porous 

SiOCH films consist of damaged and non-damaged layers after H radical exposure. The 

displacement of the Si−CH3 bond to the Si−H bond by H radicals reduces the density 

and increases the polarizability of the damaged layer. The reduction in the density 

offsets the effect of the increase in the polarizability on the refractive index of the 

damaged layer, since the refractive index is determined by both the polarizability and 

the density [18]. The extraction of -CH3 by radicals, leads to the formation of Si-NH2 

and Si-H bonds on porous SiOCH films. The enthalpies of reactions (5.2) and (5.3) are 

more negative than that of reaction (5.1), indicating that Si-NH2 bonds are preferentially 

formed by radicals in the H2/N2 plasma. These inferences are consistent with the 

variations in the Si-CH3 and Si-NH2 bond absorptions shown in Figs. 5.5(B) and 5.12, 

which indicate that H radicals and nitrogen-containing species can reduce Si-CH3 

bonds. 

The experimental results shown in Figs. 4.31 and 4.32 reveal that Si-O-Si 

structures in porous SiOCH films were modified during plasma exposure. Previous 

studies also suggest that H radicals and nitrogen-containing species can break Si-O-Si 

bonds, leading to the formation of Si-H, Si-NH2, and Si-OH bonds, as shown by the 

following reactions: [3,8,9] 

 

≡Si–O–Si≡ + 2H → ≡Si–H + Si–OH 

ΔHr = +42 kJ mol−1 at 298 K     (5.4) 

≡Si–O–Si≡ + N + 3H → ≡Si–NH2 + ≡Si–OH 

ΔHr = −915 kJ mol−1 at 298 K     (5.5) 

≡Si–O–Si≡ + NH2 + H → ≡Si–NH2 + ≡Si–OH 

ΔHr = −133 kJ mol−1 at 298 K     (5.6) 
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Reaction (5.4) has a higher enthalpy than reaction (5.1), which implies that breaking of 

Si-O-Si bonds by H radials is energetically unfavorable. However, reaction (5.4) is 

supported by the results for the change in the Si-O-Si structure and the increase in the 

Si-H and Si-OH peaks during H2 plasma exposure shown in Figs. 5.20(A), 5.10(b), and 

5.15(b). Reaction (5.5) has a higher enthalpy than reaction (5.2), while reaction (5.6) 

has a higher enthalpy than reaction (5.3), indicating that N and H radicals break Si-CH3 

bonds more easily than Si-O-Si bonds. However, Figs. 5.20(B), 5.11(b), and 5.13(b) 

suggest that reactions (5.5) and (5.6) may also occur on porous SiOCH films during 

H2/N2 plasma exposure. Schematic model of these reactions on the porous SiOCH films 

is shown in Fig. 5.21. 

The reduction in the amount of Si-CH3 bonds and the modification of the 

Si-O-Si structure in porous SiOCH films during H2 plasma exposure was larger than 

that during H2/N2 plasma exposure. This is despite the facts that the above chemical 

reactions imply nitrogen-containing species react more easily with these bonds than H 

radicals and the H2/N2 plasma has a higher H radical density than the H2 plasma.  

These results indicate that nitrogen-containing species inhibit the reaction of 

Si-CH3 and Si-O-Si bonds by forming nitride layers on the film surface during H2/N2 

plasma exposure and/or that the H2 plasma generates a higher VUV intensity than the 

H2/N2 plasma, which enhances bond breaking. Since this consideration is consistent 

with the detection of CH=NH bonds during H2/N2 plasma exposure (see Fig. 5.10), 

CH=NH bonds are considered to be the main constituent of nitride layers, which inhibit 

the extraction of methyl by H radicals.  

The Si-O-Si structure is modified by reactions (4)–(6) and the following 

subsequent dehydroxylation reaction: [3,19,20] 

 

≡Si–OH + HO–Si≡ → ≡Si–O–S≡ + H2O 

ΔHr = 0 kJ mol−1 at 298 K     (5.7) 
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This reaction indicates that two silanol groups form a cross-link to produce a Si–O–Si 

structure. In fact, our experimental results reveal that the amount of Si-OH bonds 

increased during plasma exposure and that some Si-OH bonds simultaneously react with 

each other to form a Si-O-Si network structure. 

 

 

 

 
 

 

Fig. 5.21 Schematic model of damage mechanism on porous SiOCH film by Radicals. 
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Role of Light  

Light radiation can break Si−CH3 and Si−O−Si bonds producing dangling 

bonds by photoexcitation of bonds. In situ spectroscopic ellipsometry and ex situ 

dynamic SIMS results reveal that this reaction occurs throughout the films during 

plasma exposure. Light radiation accelerates the extraction of methyl in the porous 

SiOCH films by H radicals. As this reaction progresses, greatly damaged regions start to 

shrink. The shrunken regions will become dense like a film. No obvious change in the 

refractive indices of samples (a) and (c) was observed since the effect of methyl 

extraction offsets the effect of shrinkage on the refractive index (see Fig. 5.4). 

The H2 plasma generates a considerably greater VUV intensity than the H2/N2 

plasma. VUV radiation can break Si-C and Si-O bonds. These results are consistent 

with the results for residual Si-CH3 bonds in sample (a) after H2 or H2/N2 plasma 

exposure (see Figs. 5.5(A) and (B)), which indicate that light generated by the H2 or 

H2/N2 plasma broke Si-CH3 and Si-O-Si bonds. This implies the generation of dangling 

bonds in the films. Since Si-O and Si-C dangling bonds are very unstable, they easily 

react with the hydrogen in water molecules, which leads to the formation of Si-OH 

bonds [19]. This is consistent with the results for the variation in the Si-OH peak in 

sample (a) during exposure to air after H2 plasma exposure (see Fig. 5.10). The 

variation in the chemical bonds in sample (c) (which was radiated by light and radicals) 

was larger than that in sample (b) (which was radiated by only radicals). These results 

indicate that VUV radiation enhances reactions (5.1)–(5.6) and the formation of 

dangling bonds. 
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Role of Ion Bombardment 

Ion bombardment can also break Si−CH3 and Si−O−Si bonds. Since the lower 

electrode is floating, the effect of ion bombardment on samples (d) estimated to be 

limited to a few nanometers in depth. However, the thickness and refractive index of 

sample (d) are drastically altered since ion bombardment shrinks the damaged layer by 

accelerating chemical reactions. The porous SiOCH film consists of a shrunken 

damaged layer, non-shrunken damaged layer, and a non-damaged layer after H2 plasma 

exposure. There was a remarkable difference between the results for the variation in 

Si-CH3 bonds and the modification of Si-O-Si structures exposed to the H2/N2 plasma. 

The radicals that diffuse into the gap between the spacer and the film in the experiment 

employing PAPE are estimated to have lower densities than radicals in the plasma. In 

this experiment, it was difficult to investigate the effect of only ion bombardment on the 

porous SiOCH film. Even though the effect of ion bombardment without a bias (which 

was floating) was estimated to be below a few nanometers in depth, the chemical bonds 

in sample (d) varied considerably more than those in the other three samples in all the 

experiments. The combined effect of the radicals and light with ion bombardment is 

considered to dramatically enhance breaking of CH=NH bonds, which inhibits the 

extraction of methyl and thus accelerates film degradation. Schematic model of these 

reactions on the porous SiOCH films is shown in Fig. 5.22. 
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Fig. 5.22 Schematic model of damage mechanism on porous SiOCH film by light, 

radicals, and ions. 
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Modification of Porous SiOCH Film by Air Exposure 

The experimental results of this study indicate that dangling bonds created by 

light or ion bombardment react with moisture, resulting in the formation of Si-OH 

bonds and moisture uptake (see Figs 5.7 - 5.9). The moisture also reacts with Si-NH2 

bonds, leading to the formation of Si-OH bonds according to the following chemical 

reaction: [3] 

 

≡Si–NH2 + H2O → ≡Si–OH + NH3 

ΔHr = −258 kJ mol−1 at 298 K   (5.8) 

 

This occurrence of this reaction is supported by the increase in the Si-OH peak and the 

decrease in the Si-NH2 peak observed after air exposure (see Figs. 5.11 and 5.13). 

Moreover, as shown in the result for only air exposure after the experiment of (c, light 

and radical), we point out that the reduction of Si-H peak takes place. We believe that 

the characteristic changes after synergistic irradiation of both light and radical maybe 

resulted to modify bond-environment to remove easily chemical groups bound to Si (as 

-NH2 and -H). One assumes that the Si-H is substantially stable, because of no 

observation in decrease of Si-H for pristine films, samples (a), and (b). However, as 

shown in Fig. 5.15(c), we can recognize that the spectral features for Si-H are shifted to 

higher frequencies. This means that hydrides such as Si-H2 and Si-H3 might be formed 

during the synergistic irradiation in the case. As the results, we suppose that the higher 

hydrides might have lower activation energy of hydroxyl formation. So we propose the 

following possible reaction based on the experimental results: 

 

≡Si–H + H2O → ≡Si–OH + H2 

ΔHr = −478 kJ mol−1 at 298 K   (5.9) 
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Consequently, exposing the porous SiOCH films treated by H2/N2 plasma to air 

enhances the formation of Si-OH bonds from Si-NH2. The formation of Si-OH bonds 

during air exposure leads to dehydroxylation of Si-OH, which modifies the Si-O-Si 

structures. This agrees well with a result in our previous study, namely that the 

refractive index of porous SiOCH film exposed to H2/N2 plasma increased after air 

exposure. The displacement of Si-NH2 or Si-H bonds to Si-OH bonds and moisture 

absorption during air exposure increases the polarizability, which increases of the 

refractive index of the film. These results imply that to prevent modification, porous 

SiOCH films should not be exposed to air during plasma processing, even when strong 

carbon depletion occurs. Schematic model of modification mechanism on Si-O-Si 

structure by Air exposure is shown in Fig. 5.23.  

 

 

Fig. 5.23 Schematic model of modification mechanism on Si-O-Si structure by Air 

exposure. 
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5.4 Conclusion 

 

The mechanism of H2/N2 plasma damage of porous SiOCH films was 

investigated by the in situ and ex situ film characterization and plasma diagnostics. 

Since exposing porous SiOCH films to air after plasma processes modifies the films, in 

situ analysis is critical for determining the plasma damage mechanism. The effects of 

radicals, light, and ions generated by H2 and H2/N2 plasmas and subsequent air exposure 

were investigated by the in situ PAPE method.  

In situ spectroscopic ellipsometry revealed that ions, light, and the synergy 

between the radicals, and light reduces the thickness and increases the refractive index 

of the porous SiOCH films. We used in situ FTIR-RAS to investigate the modification 

of chemical bonds in porous SiOCH films induced by hydrogen-containing plasmas. In 

situ FTIR spectroscopy revealed that that the extraction of methyl by radicals was 

enhanced by light and adding ions increase the extraction of methyl in the porous 

SiOCH films.  

Light generated by H2 and H2/N2 plasmas can break Si-CH3 and Si-O-Si bonds, 

resulting in the generation of dangling bonds. The reduction in the amount of Si-CH3 

bonds by radicals results in an increase in the amount of Si-OH bonds and modification 

of Si-O-Si structure during plasma exposure. Si-OH bonds were formed by Si-NH2, 

Si-H, and dangling bonds reacting with moisture. 

The change in Si-O-Si composition was analyzed during plasma exposure and 

subsequent air exposure. Si-O-Si is modified by dehydroxylation of Si-OH and 

termination between dangling bonds.  

With confirmation by the ex situ SIMS and XPS results, we confirmed that that 

porous SiOCH films exposed to H2/N2 plasma consist of a highly damaged layer by 

radicals and ions and a slightly damaged layer by light after H2/N2 plasma exposure. 

The VUVAS experimental results showed that the effect of extracting Si−CH3 bonds by 



Chapter 5 
 

160 
 

H radicals was drastically promoted by light radiation and ion bombardment, whereas N 

radicals inhibit the extraction of Si−CH3 bonds by forming a nitride layer. The breaking 

of Si−CH3 bonds by H radicals reduces the density and increases the polarizability of 

the damaged layer. Ion bombardment causes the damaged layer to shrink by breaking 

Si−C and Si−O−Si bonds. 

These results imply that to prevent modification, porous SiOCH films should 

not be exposed to air just after plasma processing, even when strong carbon depletion 

occurs. The information provided by these in situ experiments is expected to be very 

useful for the design and processing of low-k materials. 
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Chapter 6 Conclusions and Future Works 
 

6.1 Conclusions of Present Research 

 

The motivation of this thesis was to understand chemical reaction between 

plasma and low-k materials and to realize highly precise etching. We have constructed a 

smart plasma process system based on in situ film characterization and plasma 

diagnostics and substrate temperature measurement system. This study also investigated 

plasma modification mechanism of the low-k materials and to realize highly precise and 

damage less processing of the low-k materials. 

In Chapter 1, the trend in future scaled integrated circuits and the necessity of 

low-k materials were shown as introduction. The necessity for plasma processing in the 

fabrication of electronics device was also introduced. For the first initiative innovation 

of etching process development, new approach based on control of internal parameter 

was proposed to overcome the problem induced by conventional process. The concept 

of high precision plasma processing and purpose of this thesis were also described.  

In Chapter 2, the experimental system for diagnostic techniques of plasma and 

analysis of surface reaction on etched film are described. Theories of plasma diagnostics 

such as VUVAS and microwave Interferometer were described. Theories of film 

characterization technique such as spectroscopic ellipsometry, X-ray photoelectron 

spectroscopy (XPS) and a Fourier transform infrared reflection absorption spectroscopy 

(FTIR-RAS) used as measurement methods of etched surface reactions were introduced.  

In Chapter 3, we developed a new plasma etch process for precise feature 

control of organic films by control of radical densities and substrate temperature. Low-k 

organic films were etched using a dual-frequency CCP etching reactor employing a gas 

mixture of H2/N2. Absolute H and N radical densities were measured by VUVAS, and 
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substrate temperature was measured using an optical-fiber-type low-coherence 

interferometer during precise low-k organic film etching. We have successfully 

measured substrate temperature in real time during the etching process. It was found 

that substrate temperature increased with increasing H radical density ratio of H/(H+N). 

On the basis of these measurements, the etching profiles of low-k organic films were 

investigated using SEM. We developed a new process that can change the radical 

density ratio step by step based on experimental results. The amount of bowing on the 

sidewall decreased markedly with the new process. XPS analysis confirmed that nitride 

layers formed at low substrate temperatures by nitrogen-related species protect films 

against sidewall etching. We have succeeded in the control of the etched profile of 

low-k films precisely using internal parameters of plasma processing. 

In Chapter 4, the effect of remained fluorocarbon layer and air exposure after 

plasma exposure on porous low-k SiOCH film were investigated. Refractive index, 

thickness in porous SiOCH film was investigated during plasma treatment and 

subsequent air exposure. We revealed that in situ evaluation is crucial for the 

clarification of damage generation mechanism because the damaged low-k films are 

modified during exposing to atmosphere. On top of that, plasma analysis such as 

VUVAS was performed. The film characterization and plasma analysis revealed the 

plasma damage mechanism of porous low-k SiOCH films. 

In Chapter 5, investigated the mechanism of H2/N2 plasma ashing damage of 

porous SiOCH films, focusing on in situ analysis. The mechanism of plasma ashing 

damage on the porous SiOCH films was investigated by in situ Fourier transform 

infrared reflection absorption spectroscopy. Since exposing porous SiOCH films to air 

after plasma processes modifies the films, in situ analysis is critical for determining the 

plasma damage mechanism. The effects of radicals, light, and ions generated by H2 and 

H2/N2 plasmas and subsequent air exposure were investigated by the in situ PAPE 

method. In situ spectroscopic ellipsometry revealed that ions, light, and the synergy 
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between the radicals, and light reduces the thickness and increases the refractive index 

of the porous SiOCH films. We used in situ FTIR-RAS to investigate the modification 

of chemical bonds in porous SiOCH films induced by hydrogen-containing plasmas. In 

situ FTIR spectroscopy revealed that that the extraction of methyl by radicals was 

enhanced by light and adding ions increase the extraction of methyl in the porous 

SiOCH films. Light generated by H2 and H2/N2 plasmas can break Si-CH3 and Si-O-Si 

bonds, resulting in the generation of dangling bonds. The reduction in the amount of 

Si-CH3 bonds by radicals results in an increase in the amount of Si-OH bonds and 

modification of Si-O-Si structure during plasma exposure. Si-OH bonds were formed by 

Si-NH2, Si-H, and dangling bonds reacting with moisture. The change in Si-O-Si 

composition was analyzed during plasma exposure and subsequent air exposure. 

Si-O-Si is modified by dehydroxylation of Si-OH and termination between dangling 

bonds. With confirmation by the ex situ SIMS and XPS results, we confirmed that that 

porous SiOCH films exposed to H2/N2 plasma consist of a highly damaged layer by 

radicals and ions and a slightly damaged layer by light after H2/N2 plasma exposure. 

The VUVAS experimental results showed that the effect of extracting Si－CH3 bonds by 

H radicals was drastically promoted by light radiation and ion bombardment, whereas N 

radicals inhibit the extraction of Si－CH3 bonds by forming a nitride layer. The breaking 

of Si－CH3 bonds by H radicals reduces the density and increases the polarizability of 

the damaged layer. Ion bombardment causes the damaged layer to shrink by breaking Si

－C and Si－O－Si bonds. These results imply that to prevent modification, porous SiOCH 

films should not be exposed to air during plasma processing, even when strong carbon 

depletion occurs. The information provided by these in situ experiments is expected to 

be very useful for the design and processing of low-k materials. 
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6.2 Scopes for Future Works 

 

 In this thesis, plasma etching process of low-k materials for fine pattern profile 

and less damage process were studied based on in situ film characterization and plasma 

diagnostics. To understand plasma etch process, it is necessary to evaluate the behavior 

of internal parameters produced as a function of various process conditions and 

information about target materials. If it possible to understand the behaviors of internal 

parameters and those effects on the film properties, it helps our understanding on 

plasma chemistry.   

  Low-k organic films were etched using a dual-frequency (100 MHz/2 MHz) 

CCP etcher employing a gas mixture of H2/N2. H and N radical densities were measured 

by VUVAS, and substrate temperature was measured using an optical-fiber-type 

low-coherence interferometer during precise low-k organic film etching. However, other 

information about some species would help our understanding more. If absolute 

quantities of etching by-products can be measured, important information on 

mechanisms of plasma etching will be able to be supplied. Investigation of chemical 

bonds in the low-k organic films also should be able to give us useful information. On 

top of that, plasma diagnostics by multi beam study could be our next step to investigate 

more precisely the interaction of ions and radicals on the low-k film. The complex 

chemistry of H, N, and NHx ions and radicals containing plasma was simplified to 

investigate the interaction of ions and radicals on the low-k film. 

Mechanism of H2/N2 plasma ashing damage of porous SiOCH films was 

investigated by in situ film characterization such as FTIR-RAS and spectroscopic 

ellipsometry and plasma diagnostics such as VUVOES and VUVAS. Based on our 

knowledge and understanding on plasma damage on the porous SiOCH films, 

damage-free plasma process could be achieved. The process based on internal parameter 

and our knowledge must be useful for high precise and damage-free plasma process. 
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Miniaturization is expected to keep going and demand for plasma process is getting 

harder. However, our approach to precise etching process would be able to develop 

semiconductor device industry. In this thesis, although the author have mainly 

considered ion and H, N radicals to interpret the etching characteristics, actually other 

internal parameters such as the energies of species, the temperature and surface reaction 

coefficient have to be considered for the sophisticated interpretation with 

reproducibility. 

 In near future, the establishment of Plasma Nano-Science with real-time 

control of the internal parameter based on in situ film characterization and plasma 

diagnostics would be expected to accelerate development for plasma etching process.  
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