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 Nanoporous low-k dielectrics are used for integrated circuit interconnects to 

reduce the propagation delays, and cross talk noise between metal wires as an 

alternative material for SiO2. These materials, typically organosilicate glass (OSG) films,  

are exposed to oxygen plasmas during photoresist stripping and related processes 

which substantially damage the film by abstracting carbon, incorporating O and OH, 

eventually leading to significantly increased  k values. Systematic studies have been 

performed to understand the oxygen plasma-induced damage mechanisms on different 

low-k OSG films of various porosity and pore interconnectedness. Fourier transform 

infrared spectroscopy, x-ray photoelectron spectroscopy and atomic force microscopy 

are used to understand the damage kinetics of O radicals, ultraviolet photons and 

charged species, and possible ways to control the carbon loss from the film. FTIR 

results demonstrate that O radical present in the plasma is primarily responsible for 

carbon abstraction and this is governed by diffusion mechanism involving 

interconnected film nanopores. The loss of carbon from the film can be controlled by 

closing the pore interconnections, He plasma pretreatment is an effective way to control 

the damage at longer exposure by closing the connections between the pores.  
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Over the last 40 years, semiconductor industries have seen the shrinkage in 

device dimensions, and increase in device speed and density. As the device dimension 

reduces, the metal lines become narrower and interlayer dielectric thickness decreases, 

eventually causing the RC (resistance-capacitance) delay.1, 2 The latency originated 

from circuit interconnection has led to development of new materials  for interconnect 

technology to replace traditionally used Al and SiO2 by lower resistivity metal and 

dielectric material having dielectric constant less than that of SiO2. The semiconductor 

industry has been able to replace the conventional Al metal by low-resistivity Cu (Al - 

2.82 × 10-8 Ω.m and Cu 1.68 × 10-8 Ω.m)1 , but is still working on a suitable low-k 

dielectric substitute for SiO2 for interlayer dielectric (ILD) application that is compatible 

with existing process technology with little or no modifications. The details of the gate 

and interconnect delay versus technology generations are described in the literatures.1, 

2 which shows that the delay from the metal/dielectrics interconnection dominates after 

the 250 nm generation and it will become more severe with future generations. So, 

there is an urgency to find alternative materials for and it’s been found that RC delay 

can be reduced significantly by using Cu and a low-k dielectric (dielectric value less 

than that of conventional SiO2) in place of Al and SiO2.1, 2 Also low-k materials are 

required for low power consumption for ultra large scale integrated circuit (ULSI) 

applications.3, 4 
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1.2 How to Achieve Low-k 

From basic physics, Clausius-Mosotti’s relation connects the macroscopic 

dielectric constant of the material to microscopic polarizability of the atom/molecule. The 

Clausius-Mosotti relation is: iiN
k
k απ ∑=
+
−

3
4

2
1 , where k is the dielectric constant, α is 

polarizability (representing the response of the atom/molecule to electric field), and N is 

the number of atoms/molecules per unit volume.5, 6  The suffix i represents the number 

of different types of atoms (molecules) having dipole moments. So, from the above 

relation, the dielectric value can be reduced by replacing Si-O bonds with less 

polarizable bonds, for example replacing Si-O bonds with Si-CH3 bonds. The k value 

can be further reduced by decreasing the density of the material, in other words, making 

the film porous,6  at the cost of mechanical and thermal stability of the material.  

 

1.3 Low-k Materials Classification 

Several low dielectric (low-k) materials, both Si and non-Si based, including 

polymers, have been developed in recent years as alternatives to SiO2 for ILD 

applications.4, 6-8  Si based materials again can be divided as silica or silsesquioxane 

(SSQ) based. A Silica-based low-k material is composed of a tetrahedral unit cell, 

where Si-O bonds are replaced by Si-CH3 bonds. Due to the low polarizability of C 

atoms, it reduces the dielectric value, and the bigger size of CH3 provides more free 

volume and helps in reducing the dielectric constant.4, 6 Again, these materials should 

be mechanically stable to meet manufacturing process requirements and should be 

thermally stable as most of the back end on line processes require the temperatures > 

400° C. The thermal expansion coefficient should be close to that of Cu and other 
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diffusion barrier materials to reduce the stress developed.  Non-Si based low-k 

dielectrics are mostly organic polymers and amorphous carbon, have lower dielectric 

value <2.2,8  however, these materials are thermally and mechanically unstable 

compared to what is necessary to sustain the process technology. Different possible 

dielectric materials have been developed in recent years and some examples are 

displayed in Table1.1. 

Organosilicate glass (OSG) is composed of Si, C, O, H, and has emerged as one 

of the promising low-k dielectric materials as a replacement of SiO2, where some of the 

Si-O bonds are replaced by less polarizable Si-CH3 bonds4-6  to reduce the dielectric 

value. A tetrahedral unit structure for silica and OSG is shown in Figure 1.1 for 

comparison where Si-O bond is replaced by Si-CH3 in case of OSG and a typical OSG 

structure is shown in Figure 1.2. 

 

1.4 Preparation and Characterizations of Organosilicate Glass (OSG) 

Plasma enhanced chemical vapor deposition (PECVD) is a common method of 

depositing OSG film using various precursors like TMCTS (tetramethylcyclotrisiloxane), 

HMDS (hexamethyldisiloxane), HMCTS (hexamethylcyclotrisiloxane), and OMCTS 

(octamethylcyclotrisiloxane).9-11 However, the spin-on method is also used to make 

OSG film.12 The dielectric value for the film made from the TMCTS precursor is around 

3.0, which can be reduced further by making the film less dense or porous. Organic 

compounds are added with the precursor during the film deposition, which evaporate 

during subsequent annealing of the film and making it porous.13 The dielectric value for 

highly porous OSG is reported to be as low as 2.1,14  depending on the percentage of 
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the organic component  mixed with the precursor. Obviously, a higher percentage of 

organic precursor (i.e. highly porous material) results in a lower dielectric value. The 

ultra low-k material (k≤ 2.5) has bigger pore size, mostly around 2.5 nm. The porosity 

increases up to 29% for highly porous ultra low-k (ULK) dielectric film.14  

Table 1.1: Low k dielectrics with different k values. The k values are adopted from the 

literature.4, 8, 13, 15-17  
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Figure 1.1: A schematic of tetrahedral (A) SiO2 and (B) OSG. 

 

 

Figure 1.2: A typical structure of OSG. Reproduced with permission.13 
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Various methods like positron annihilation spectroscopy (PAS), positron 

annihilation lifetime spectroscopy (PALS), small angle X-ray spectroscopy (SAXS) and 

small angle neutron spectroscopy, with X-ray reflectivity (XRR) and ellipsometric 

porosimetry (EP) are used to determine pore size and pore size distribution of porous 

film.15  Detailed discussions of these techniques can found in the literature.15  

Plasma processing is an important step in semiconductor process technology. 

Low-k materials, typically organosilicate glass (OSG)films, also called SiCOH are 

exposed to oxygen plasmas during photoresist stripping, etching and related processes 

and plasmas substantially damage the film by abstracting carbon, incorporating O and 

OH, eventually leading to significantly increased  k values 18-23 . Plasma is a complex 

environment consisting of ions, radicals, electrons, and photons (vacuum ultraviolet ―. 

So, understanding the individual and synergistic effect of plasma and its components 

such as radicals, ions, VUV etc. to study the damage kinetics is of scientific and 

technological interest. Therefore, it is necessary to understand the mechanism behind 

the carbon loss for precise control during fabrication process and ways to control the 

carbon loss from low-k dielectric materials.  

 

1.5 Brief Descriptions of the Chapters 

A detailed background of why low-k materials especially OSG are important is 

described above in the Chapter 1. The literature survey on deposition techniques, 

structure, mechanical properties, porosity was necessary to identity this material and to 

appreciate its importance in ULSI technology.   
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Chapter 2 describes the experimental set up and characterization tools used to 

analyze the results. The details about the samples description and the custom-made 

matching network for generating capacitively coupled plasma (CCP) are discussed in 

this chapter. Different gases like O2, Ar and He are used to generate the plasma. A 

description of characterization tools like FTIR (Fourier transformed infrared 

spectroscopy), XPS (X-ray photoelectron spectroscopy), AFM (atomic force 

microscopy) is given here.  

Chapter 3 deals with the effect of O2 plasma on porous and non-porous OSG 

dielectric with different pore interconnectivity. The carbon loss mechanism due to O2 

plasma is described in this chapter using FTIR analysis. Also, the influence of atomic O 

generated by a thermal cracker is discussed to understand the diffusion controlled 

carbon loss process. 

The effect of VUV on OSG is described in Chapter 4. Photons of wavelength 147 

nm generated by a VUV lamp from Resonance Ltd were used to irradiate OSG sample 

in the presence of NH3 and which were subsequently characterized using  in-situ XPS 

and ex-situ FTIR.  

It is important to prevent the carbon loss from the material to sustain the 

dielectric value. He plasma pretreatment prior to O2 plasma exposure on the highly 

porous and high diffusivity material is discussed in Chapter 5. Pretreatment with He 

plasma is helpful to control the carbon abstraction by sealing the pores in the materials. 

Ex-situ XPS, FTIR and AFM technique were used to understand He plasma 

pretreatment effect.  
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CHAPTER 2 

DESCRIPTIONS OF THE SAMPLES AND CHARACTERIZATION METHODS* 

 

2.1 Chapter Introduction 

The different metrology tools techniques used for sample characterizations and 

the kind of materials used to study the plasma effects are discussed in this chapter. The 

details of the experimental methods are discussed in the individual chapter.  

OSG/SiCOH materials of different dielectric (k) values, and different porosity and pore 

diffusivity/interconnectedness exposed to plasma are discussed in here. A schematic of 

the set of materials used for oxygen plasma study is shown in Figure 2.1. 

 

Figure 2.1: OSG materials of different k values and diffusivity. 

 

The low-k films were provided by Novellus and deposited by plasma enhanced 

chemical vapor deposition (PECVD) technique in a capacitively coupled reactor. The 

deposition chamber uses a RF source (13.56 MHz) using alkoxysilane based 

precursors and other gases. The diffusivity corresponds to the diffusion of isopropyl 

alcohol (IPA) are measured. Diffusivities were measured according by optical 

                                                           
* Parts of this chapter have been previously published, either in part or in full, from  M. A. Goldman, D. 
Graves, G. A. Antonelli, S. P. Behera, and J. A. Kelber, Journal of Applied Physics, 106, (2009) 013311. 
Reproduced with permission from the American Institute of Physics.  Figure 2.10 is reproduced from  [11] 
Swayambhu P. Behera, Qing Wang, Jeffry A. Kelber, Journal of Physics D: Applied Physics, 44 (2011) 
155204 [doi:10.1088/0022-3727/44/15/155204],with permission from IOP Publishing, Ltd. 
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microscopy according to standard procedures1-4 using isopropanol as a solvent.   

Specifically, the diffusivity was measured by capping the SiCOH film deposited on a Si 

substrate with 25 nm of SiN, immersing a number of samples in isopropyl alcohol, and 

at well-defined intervals removing a sample to measure the extent of liquid diffusion with 

a microscope. The square of the diffusion length was plotted as a function of time, and 

the diffusion coefficient was taken as the linear fit of this data with intercept fixed at the 

origin. The R2 of these linear fits was close to one in all cases.  Dielectric and diffusivity 

properties for the three different SiCOH materials used in these studies are listed in 

Table 2.1. 

Table 2.1 – Films used in plasma experiments and measured k values and liquid 
diffusivity. CORAL (LPLD) : low porous low diffusivity, dense ULK (HPLD): high porous 
low diffusivity, porous ULK (HPHD): high porous high diffusivity. Reproduced with 
permission.4 

 

 

The experimental set up schematic is shown in Figure 2.2. The radio frequency power is 

supplied through a custom-built matching network to deliver maximum forward power. 

The details of the matching network are described in section 2.2.  
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Fig 2.2: A schematic of Experimental set up. Reproduced with permission.4 

 

2.2 Making the Matching Network 

Radio frequency (13.56 MHz) generators are designed to operate at 50Ω load 

per the international standard. In order to get maximum forward power matching 

network is required. A schematic of the power supply for generating RF plasma in 

capacitively coupled plasma unit is shown in the Figure 2.3.  

 

Figure 2.3: A schematic for RF Plasma generation.  
 

Oxygen and helium plasmas were generated by capacitively coupled plasma for 

all the experiments. The RF generator (13.56 MHz) is connected the stainless steel (6 
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way cross with 2.75” CF) chamber through a custom-made matching network by BNC 

cables. The matching network (L type) is a combination of variable capacitors (50-1200 

pF) and inductor (400 nH).5 The picture of the CCP matching network is shown in Figure 

2.2 (top) and equivalent circuit diagram is shown in bottom of Figure 2.2.  One electrode 

in CCP unit was Al coil of several turns and inner diameter 3/4” while the chamber 

ground was used as another electrode. 

 

Figure 2.4: (Top) picture of matching network for CCP unit. (Bottom) equivalent circuit 
diagram.  
 

Details of the experimental set up and parameters of plasma generations are 

discussed in the individual chapter. Various characterization methods like x-ray 

photoelectron spectroscopy (XPS) for surface chemistry, Fourier transform infrared 
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spectroscopy (FTIR) for chemical analysis and atomic force microscopy (AFM) were 

used measuring the surface topography of the samples. 

 

2.3 Characterization Methods 

2.3.1 X-ray Photoelectron Spectroscopy 

XPS is a powerful tool for the chemical composition identification from the top 

surfaces of the film, roughly from few nanometers. XPS works on the principle of 

photoelectron spectroscopy.  X-ray photon typically from unmonochromatic Mg Kα 

(1253.6 eV) or Al Kα (1486.7 eV) source hits the sample and photoelectron is ejected 

from the sample surface with a kinetic energy given by the relation KE = hν – BE – φs, 

where hν is the energy of the photon, BE is the binding energy of electron in the solid, 

and φs is the spectrometer work function.6, 7 The emitted electrons are analyzed by a 

concentric hemispherical analyzer. XPS principle schematic is shown in Figure 2.5, 

where photon knocks off one of the core electrons from the atom.   

 

Figure 2.5: Principle of XPS, where photon ejects one of the electrons which is collected 
at the detector. 
 
 

The photoelectrons are retarded to a constant energy called pass energy as they 

reach the analyzer. The electrons from the very top of the surface are able to come out 

without energy loss whereas electrons deep inside the solid loose the energy and can’t 
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escape. So this is a surface sensitive technique. A typical survey scan (0-1000 eV) of 

XPS spectra for a low-k OSG sample is shown in Figure 2.6. X-ray photon from Mg Kα 

source (1253.6 eV) was used and the analyzed pass energy was kept at 50eV. The 

presence of peaks at specific energies corresponding to the binding energies of C, O, 

and Si says that ― OSG is composed of these elements as predicted. (Details of the 

binding energy specification will be described in later chapters). The step like 

background towards higher binding energy originates from the electrons loss within the 

solid due to inelastic process. By collecting the high-resolution spectra for each 

element, the change in binding energy and intensity are used for chemical analysis. 

 

Figure 2.6: XPS of pristine OSG with Mg Kα source. 
 

2.3.2 Fourier Transform Infrared Spectroscopy 

FTIR is a powerful and simple tool for materials analysis where the infrared 

region of the electromagnetic spectrum is used. The mid IR (4000-400 cm-1) light source 
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is transmitted through the sample and the characteristic wavelengths are absorbed that 

correspond to the vibrational and rotational energy of the molecules present in the 

materials.8 To characterize the film (OSG) chemical properties first a background 

spectra i.e. bare Si spectrum is collected prior to film spectra. In this thesis, all the 

spectra collected are in transmittance mode and then converted to absorbance, where 

absorbance is the logarithm of the reciprocal transmittance.  

A typical transmittance spectra for Si and OSG prior to any baseline correction 

are shown in is shown in Figures 2.7(a) and (b) respectively. The FTIR absorbance of 

OSG film after baseline correction (by using the software from BRUKER) is presented in 

Figure 2.8.  

 

Figure 2.7: FTIR transmittance of (a) Si and (b) OSG without baseline correction.  
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Figure 2.8: FTIR transmittance of pristine OSG after baseline correction.  

 

The peak assignments adapted from the literature9 are tabulated below in Table 2.2. 

Table 2.2: FTIR peak assignment. Adopted from Grill et al.9 

 
 
Peak Position (cm-1) Mode 

3100-3800 Silanol+H2O 

2770-3050 CHx Stretch 

2070-2280 Si-H Stretch 

1240-1330 CH3 Bending 

950-1250 Si-O-Si stretch 

650-950 Si-C stretch 

 

 

2.3.3 Atomic Force Microscopy (AFM) 

AFM is used to monitor the surface topography of the OSG film before and after 
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various plasma treatments. All the measurements were done in contact mode by using 

a silicon nitride probe over an area of 1 µm × 1µm. As shown in Figure 2.9, it operates 

by a scanning tip attached to the end of the cantilever across the sample surface and 

monitors the changes in the cantilever deflection by a photodiode detector.10 The force 

between the tip and the sample is kept constant by maintaining a constant cantilever 

deflection. The constant deflection is maintained by a feedback loop. The distance the 

scanner moves vertically at each data point on the sample surface is used to make the 

topographic image of the sample surface.  

 

Figure 2.9: Schematic of an AFM in contact mode. 
 

A typical AFM image of pristine OSG is shown in Figure 2.10. Details about the 

surface morphologies of the OSG film during various plasma exposure are discussed in 

Chapter 5.  
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Figure 2.10: AFM image of porous ULK OSG (k=2.54). Adopted with permission from 
Behera et al.11 
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CHAPTER 3 

EFFECT OF OXYGEN PLASMA AND ATOMIC OXYGEN ON ORGANOSILICATE 

GLASS: DIFFUSION-CONTROLLED CARBON LOSS† 

3.1 Chapter Introduction  

Low-k dielectrics (dielectrics values less than SiO2) are required for 45 nm or 

beyond technology generations to reduce the resistance capacitance (RC) delay 

originates from interconnect technology.1-3 Low-k dielectrics like OSG (also called 

SiCOH) are exposed to oxygen plasma during various processing steps like photoresist 

stripping, ashing and related processes. Exposure of the oxygen plasmas the dielectrics 

causes severe problems, due to the susceptibility of ultra-low k SiCOH materials to 

plasma-induced damage, particularly the loss of carbon in the film and densification and 

moisture uptake that results in increased k values.4-10 So understanding damage 

mechanisms and kinetics, and formulating strategies to control the damages, are 

therefore of considerable interest especially due to continuous scaling of the devices. 

Fundamental interest in this issue derives first from the need to understand, in general, 

the separate and synergistic interactions of various plasma components—free radicals, 

ions, electrons and UV/VUV photons—with surfaces under well-defined conditions. 

Insight into this area is sparse, especially compared to the advances achieved over the 

last four decades in characterizing and controlling the reactions of molecular species at 

surfaces.   

                                                           
† Parts of this chapter have been previously published, either in part or in full, from [11] M. A. Goldman, D. 
Graves, G. A. Antonelli, S. P. Behera, and J. A. Kelber, Journal of Applied Physics, 106, (2009) 013311 
and [25] Mrunalkumar Chaudhari, Jincheng Du, Swayambhu Behera, Sudha Manandhar, Sneha Gaddam 
and Jeffry Kelber, Applied Physics Letters 94, (2009) 204102. Reproduced with permission from  
American Institute of Physics. 
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A systematic study of the damage kinetics is presented in this chapter.  The 

report in this chapter contains two sets of experiments. Part I of the report shows the 

FTIR data from an experiment when OSG materials different k values were exposed to 

a direct O2 plasma generated from a capacitively-coupled source.11 The different 

materials include CORAL, and two ULK SiCOH materials: one material of higher 

porosity and high pore interconnectedness, or diffusivity (HPHD) with k=2.54, also 

called porous ULK; and the other material of similar porosity and k value (2.57) but 

much lower diffusivity (HPLD), also called dense ULK.  Table 3.1 displays the 

corresponding dielectric constant and diffusivity values of the materials used in this 

study.11 

Table 3.1 – Films used in plasma experiments and measured k values and liquid 
diffusivity. CORAL: low porous/ low diffusivity (LPLD): high porous/ low diffusivity 
(HPLD): high porous/ high diffusivity (HPHD). Reproduced with permission.11 

 

   

In part II, the effect of atomic oxygen on ULK OSG (k=2.54), generated from a 

ultra high vacuum (UHV) compatible thermal cracker is discussed.  The result is quite 

consistence with the atomic O generated from a remote plasma and details are 

published in the literature.11 Data presented below indicate that exposure of vicinal 

materials to direct oxygen plasma and to atomic oxygen generated from a commercially 

available thermal cracker. 
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3.2 Experiment 

Part I: Direct O2 Plasma Effect 

 The dielectric films used in these experiments (<500 nm thick) were provided by 

Novellus, Inc. The films were deposited on Si by plasma enhanced chemical vapor 

deposition (PECVD) methods using an alkoxysilane precursor and various other 

common gases. Both of the ULK materials (discussed in the Table 3.1) were treated in 

the Novellus Systems SOLA ultraviolet-thermal processing system.  Dielectric constants 

were obtained from capacitance measurements.  Diffusivities data corresponds to 

lateral diffusion of isopropyl alcohol measured by standard procedures.12-14   

Specifically, the diffusivity was measured by capping the SiCOH film deposited on a Si 

substrate with 25 nm of SiN, immersing a number of samples in isopropyl alcohol, and 

at well-defined intervals removing a sample to measure the extent of liquid diffusion with 

a microscope. The square of the diffusion length was plotted as a function of time, and 

the diffusion coefficient was taken as the linear fit of this data with intercept fixed at the 

origin. The R2 of these linear fits was close to one in all cases.   

 Oxygen plasma studies were carried out in a system shown schematically in 

Figure 3.1.11 This system consists of a linear manipulator with a Ta sample 

heating/cooling stage and thermocouple. 1 cm × 1 cm samples were obtained from 300 

mm wafers and mounted onto the sample using spot-welded Ta wires.  The 

experimental chamber is a stainless steel cross with a base pressure of 1x10-7 Torr.  

The turbo pumping speed is controlled by a butterfly valve in order to maintain millitorr 

pressures for plasma operation. The sample is mounted on the sample stage, facing the 

custom-designed capacitively-coupled coil used to create the plasma.  The plasma-
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sample distance in these experiments was 5 cm and plasma operating conditions were 

45 milli-Torr O2 at 20 Watt, 13.56 MHz.  Maximum sample temperature during plasma 

exposure was 450 K.  Sample pressure was monitored by a combination of nude ion 

gauge removed from line of sight to the sample, and (during plasma operation) a 

baratron gauge. FTIR spectra were collected in transmission mode with a Brücker 

Vector 22 spectrometer with internal bolometer detector.  Typical spectra for vicinal 

films for highly porous and non-porous films before any plasma treatments are shown in 

Figure 3.3. 

 

Figure 3.1: The schematic of the experimental set up. Reproduced with permission.11 
 

Part II: Atomic Oxygen Effect (Generated from a Thermal Cracker) 

Oxygen radical was generated from a commercially available thermal cracker. A 

schematic of the thermal cracker is shown in Figure 3.2.  High purity oxygen gas from 

the cylinder was fed through the leak valve, which thermally dissociates when pass 

through the Ir tube (at roughly at 1000° C by filament heating).15 Thermal shielding of 

the source resulted in negligible sample temperature increase (<20 K). The source was 
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operated at a total O2 pressure of 5X10−6 Torr resulting in 45% dissociation efficiency.16, 

17 Exposure uncorrected for ion gauge sensitivity or flux to the sample are reported in 

terms of Langmuir (L); 1 L=10-6 Torr sec. XPS spectra were collected by 

unmonochromatized Mg Kα radiation and analyzed a hemispherical analyzer at a 

constant pass energy (22 eV). XPS data analysis and acquisition were in accord with 

the established method.18, 19 To correct for sample charging during exposure to x rays, 

the peak C(1s) XPS binding energy was set to 284.4 eV in agreement with the 

experimental value for poly(dimethylsiloxane).20 This resulted in core level binding 

energies for the vicinal SiCOH surface similar to those reported previously,19, 21  after 

accounting for the shift in the C(1s) reference peak from 285 to 284.4 eV. 

  

Figure 3.2: The schematic of the commercially available thermal cracker. 
 

3.3 Results and Discussions 

3.3.1 Oxygen Plasma Studies on Materials of Different Porosities and Diffusivities 

 FTIR absorbance spectra of k=2.54 (HPHD, Table 3.1) and k=3.0 (CORAL, 

LPLD) films (<500 nm thickness) are displayed in Figure 3.3, before any plasma 
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treatment.  The data show that the spectra of the two films are qualitatively similar to 

each other than the presence of Si-H in k=3.0 film.  Quantitative differences are 

consistent with a lower density, and therefore low absorbance intensities, for the film of 

lower k value.  

 

Figure 3.3: FTIR absorbance of untreated dielectrics of k=3.00 and k=2.54 prior to any 
plasma treatment. Reproduced with permission.11 
 

FTIR spectra are shown in Figure 3.4 for a HPHD film after various O2 plasma 

exposure times (Fig. 3.4a).  Only minor decreases in Si-O-Si intensity (~1100 cm-1) 

were observed with increasing plasma exposure.  Monotonic decreases in the Si-CH3 

stretching mode absorbance were observed, however (Fig. 3.4b).  This is also in good 

agreement with observations for the LPLD (k=3.00) film upon exposure to O free 

radicals from a remote plasma source.11 
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Figure 3.4: FTIR spectra of porous ULK OSG (k = 2.54, HPHD) film as a function of O2 
plasma treatment. (a) Absorbance of 4000-500 cm-1 region and (b) expansion of Si-CH3 
stretch mode showing monotonous decrease in intensity.  Reproduced with 
permission.1 

 

   Changes in relative Si-CH3 stretch mode absorbance are plotted vs. the square 

root of oxygen plasma exposure time in Figure 3.5, for films of varied porosities and 

diffusivities.  Error bars represent actual spread in the experimental data.  Note that for 

both HPHD and LPLD films the decrease in absorbance intensity is proportional to the 
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square root of plasma exposure time.  This indicates that, for oxygen plasma, carbon 

extraction occurs by a diffusion-dominated mechanism, as observed for CORAL  

(LPLD) material exposed to oxygen free radicals11 where O radicals from the remote 

plasma source.  Also, when expose to O radical from a remote plasma source,11 the 

silanol peak (3000 cm-1) increases and linearly dependent on square root of atomic O 

fluence for CORAL film, further supporting the diffusion controlled process.11, 22, 23 The 

kinetics of the diffusion process, as indicated above, indicate a Deal-Grove type 

mechanism,22 in which O radicals diffuse through a damaged ( methyl-depleted) region 

to react at the interface between damaged and undamaged regions of the SiCOH film. It 

is also noted that the rate of carbon abstraction, as indicated by a decrease in the Si-

CH3 relative absorbance, increases with decreasing k value.  In contrast, the data for 

the k=2.57 (HPLD) film shows an initial loss of Si-CH3 absorbance intensity at a rate 

similar to that of the k = 2.54 film.  At exposure times > 5 minutes, however, the data 

indicate that the rate of carbon abstraction has decreased dramatically or ceased 

altogether.  (The unusually large uncertainty in the data point in Fig. 3.5 for the k=2.57 

sample at 5 minutes exposure suggest a large variation in porosity at the surface for 

different samples taken from the same wafer.) The data indicate that carbon abstraction 

in the presence of oxygen plasma, as in the presence of oxygen radicals, is dominated 

by diffusion.  Furthermore, the rate of diffusion is dominated by diffusivity (pore 

interconnectedness) rather than by pore volume. 
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Figure 3.5: Changes in the relative Si-CH3 stretch mode absorbance of films of different 
k values and diffusivities exposed to O2 plasma under identical conditions: (dark 
square) CORAL (k=3.00, LPLD), (open circle) dense ULK (k=2.57, HPLD), (dark 
triangle) porous ULK (k=2.54, HPHD). The dashed lines are the least squares fits to the 
data. The solid line is a guide to the eye. For precise diffusivity value, refer to Table 3.1.  
Reproduced with permission.11 

 

3.3.2 Atomic O Studies on Porous ULK  

A comparison of the ULK OSG film upon exposure to direct oxygen plasma for 

20 min from a capacitively coupled plasma source and to atomic O from UHV 

compatible thermal cracker for 30 min is shown in Figure 3.6. Both the FTIR 

absorbances show similar results suggesting atomic O is a primary agent for carbon 

abstraction at least in the interior of the sample, where ions, electrons and energetic 

neutrals are not expected to penetrate. The result is in accordance with the atomic O 

generated from remote plasma exposed to CORAL sample11.  
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Figure 3.6: Ex situ FTIR absorbance spectra for (a) vicinal ULK OSG (solid line) and 
exposed 20 min O2 plasma (dashed line), (b) vicinal ULK (solid line) and exposed 30 
min to a flux of O +O2 generated from a thermal cracker i.e. a total exposure 9000 L 
(dashed line). [Peak assignments are from literatures.]24 Reproduced with permission.25 

 

The evolution of the core level XPS spectra with exposure of O+O2 to porous 

ULK OSG is shown in Figure 3.7. A monotonous decrease in the C(1s) intensity [Figure 

3.7a] and a  concurrent disappearance of O(1s) feature [Figure 3.7b] at 531.8 eV 

attributable to O-Si-C bonds19  and the growth of the feature near 532.5 eV is a 

characteristic of oxygen in the SiO2 environment.19, 26  An additional feature appears 

near 533.5 eV [Figure 3.7b middle and top trace] indicating some hydroxyl formation.26 

Si 2p spectra Figure 3.7c shows that O+O2 exposure results in the decrease and 

eventual elimination of a feature near 102.1 eV, attributable to Si in a suboxide, carob-

containing environment.19, 21 This corresponds to changes in C and O core level spectra 

Fig 3.7a and Fig 3.7b. Further Si 2p component near 103.1 eV attributable to O in a 

SiO2 environment19, 26 increase in intensity. O +O2 exposure also results in a higher 
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binding energy feature (∼ 104 eV) attributable to Si-OH formation [Figure 3.7c] and in 

agreement with the O(1s) result [Figure 3.7b].  

 

Figure 3.7:  Core level XPS spectra of ULK OSG after exposed to flux of O+O2. (a) 
C(1s), (b) O(1s), (c) Si(2p) spectra after exposure to 0L (bottom trace), 1200 L (center 
trace) and 4800 L (top trace) O+O2 from a thermal cracker. Reproduced with 
permission.25 

 

C/Si and O/Si intensity ratios as a function of exposure to O+O2 are shown in fig 

3.8. Note that exposure to O+O2 results in a decrease in C intensity and increase in O 

intensity. The decrease in C and increase in O looks like a mirror image. The dotted red 

lines in the Figure 3.8 are just guide to the eye. This result demonstrates that the c loss 

from the materials and O and OH incorporation are a concurrent process.  
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Figure 3.8: Dependence of O/Si and C/Si intensity ratios after exposure to O+O2 flux. 
[Dotted red lines added to the original figure and are intended as a guide to the eye.] 
Reproduced with permission.25 

 

This result is consistent with the results from the density functional theory (DFT) 

based calculation,25,27 where atomic O of low energy (0.1eV) is targeted to a structure 

model TMCTS (trimethylcyclotrisiloxane) at some inclined angle to Si-C bond. The 

atomic O results in a CH3 abstraction from the TMCTS and O is incorporated to the Si 

sites from where CH3 comes off.  So C abstraction and O and/or OH incorporation are a 

concurrent process and atomic O is a primary agent for C abstraction from the low-k 

dielectric film.  

 

3.4 Chapter Conclusions 

 FTIR data of low-k SiCOH films exposed to oxygen radicals or plasmas indicate 

similar chemical changes and kinetics in both cases, strongly suggesting that O radicals 

are the principal agents in oxygen plasma-induced demethylation of SiCOH films.  The 

Si-OH formation11 and demethylation kinetics (O2 plasma) display diffusion-dominated 
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(time1/2) dependence for both CORAL and HPHD samples. In contrast, in the HPLD 

material, the initial carbon loss rate is similar to that observed for HPHD. At longer 

times, however, no further carbon loss is observed. The data therefore indicate that 

carbon loss in SiCOH materials exposed to oxygen plasma is due primarily to reaction 

with oxygen radicals that diffuse through the SiCOH matrix via interconnected pores.  

This damage process can be significantly reduced either by reducing the 

interconnectedness of the material during preparation – the diffusivity can be controlled 

somewhat separately from the total porosity; or by sealing the surface pores prior by 

noble gas ion bombardment prior to plasma exposure.11 Sealing due to He plasma 

pretreatment and control of carbon loss are discussed in Chapter 5. There is formation 

of a hydrophilic dense SiO2 layer due to thermal atomic O exposure and it is also 

important to note that carbon abstraction and O/OH incorporation are concerted process 

as evident from both experimental and simulation results.11,25,27 
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CHAPTER 4 

INTERACTION OF VACUUM ULTRAVIOLET WITH A LOW-K ORGANOSILICATE 

GLASS FILM IN THE PRESENCE OF NH3
‡
 

 

4.1 Chapter Introduction 

The continuation of the plasma effect is presented in this chapter. Instead of 

direct plasma, the effect of VUV which is an important constituent of the plasma on 

OSG is discussed here. Understanding and controlling individual and synergistic effects 

of plasma constituents is critical for enhanced processing.   Despite extensive studies of 

oxygen and other plasma/low-k interactions1-11, a detailed understanding of plasma 

interactions with OSG is only beginning to emerge. O2 plasmas emit significant VUV 

radiation at 150 nm -130 nm.12-14 Recent studies have pointed to the importance of VUV 

photon irradiation separately and in synergy with radicals or ions for causing increased 

dielectric constant and surface densification.9, 10, 15Delineating the nature of bond 

breaking or formation, and time scales of VUV effects, are therefore of practical as well 

fundamental interest.   

 

4.2 Experiment 

  A sealed Xe lamp (147 nm radiation, ~1015 photons-cm-2-sec-1, at a lamp-sample 

distance of 2 cm) was used as the light source for experiments involving OSG films.  

The schematic of the experimental set up is shown in Figure 4.1. The same 

experimental set up was used for the O2 plasma experiment (discussed in Chapter 3) 
                                                           
‡ This chapter is reproduced, either in part or in full from Swayambhu Behera, Joe Lee, Sneha Gaddam, 
Sundari Pokharel, Justin Wilks, Frank Pasquale, David Graves, and Jeffry Kelber, Applied Physics Letters 
97, 034104 (2010). Reproduced with the permission from  American Institute of Physics. 
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are used for VUV exposure and VUV lamp was attached to the introduction chamber.  

The details of the experimental system are described in Chapter 26, 16. 

 

Figure 4.1: Schematic of the experimental set up for VUV (from a Xe lamp) exposure. 
 

Irradiation of OSG was carried out in the introduction chamber (base pressure 

10-7 Torr) at ambient temperature in the absence and presence of electronic grade NH3 

at 10-4 Torr, using a manual leak valve to control pressure. Increase in surface nitrogen 

concentration, and nearest neighbor chemical shifts in XPS binding energies induced by 

nitrogen bond formation yield insight as to which surface bonds are broken by VUV, 

thus making NH3 a probe of surface active sites.  Nitridation was observed only after 

VUV and NH3 exposure.  No effect was observed for NH3 in the absence of VUV, or 

with the VUV beam path parallel to the sample surface as presented schematically in 

Figure 4.2.  For VUV beam parallel to the sample surface experiment, the lamp was in 

the adjacent chamber filled with NH3 at pressure of 1X10-4 Torr and roughly 5 cm away 

from the sample and the sample was in the introduction chamber.  
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Figure 4.2: Schematic of experimental set up where the sample parallel to VUV lamp 
placed in the adjacent chamber (5 cm away from the sample) shows no reaction in 
presence of NH3 (Top) and the sample facing to VUV lamp (bottom) in the same 
chamber (where the lamp was installed) in NH3 presence shows bond breaking and 
bond formation as evidence by XPS.  
 

This indicates that surface nitridation is due to NH3 reactions with photo-induced 

reactive sites, and not to photo- excited gas phase species reacting at the OSG surface. 

The 1 cm2 OSG sample was scored from a 470 nm thick PECVD OSG film (k = 3.0) 

deposited on a Si(100) wafer.  The sample was mounted on a Ta foil substrate with an 

attached type K thermocouple to monitor sample temperature.  No significant change in 

sample temperature was observed in these experiments.  XPS data acquisition was 

carried out at constant analyzer pass energy (50 eV) with an unmonochromatized MgKα 

x-ray source (15 kV, 300 W).  Data analysis was carried out according to standard 

methods.16, 17 The XPS absolute energy scale was calibrated by placing the C(1s) 

maximum for the vicinal surface at 284.4 eV, as indicated by experimental and 

theoretical studies on well-defined Si-C polymers.18  FTIR data were acquired ex situ in 
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transmission mode as described previously.6   FTIR peak assignments were taken from 

the literature.1, 6, 19 

 

4.3 Results and Discussions 

Changes in FTIR spectra after 270 min VUV/NH3 exposure and subsequent 

exposure to air for 6 days (with no further VUV/NH3 exposure) are displayed in Figure 

4.3(a) for the Si-OH stretch/ CH3 stretching region (3700 cm-1 – 2800 cm-1) and in 

Figure 4.3(b) for the CH3 bending (~1270 cm-1), Si-O-Si and Si-CH3 stretching region 

(1250 cm-1 – 650 cm-1).  The CH3 stretching mode (Figure4.3(a)), CH3 bending, Si-C, 

and Si-O stretching mode intensities (Figure 4.3(b)) decrease upon initial VUV/NH3 

exposure, similar to what is observed  upon O2 plasma or O(3P) radical exposure.5, 6 

  No further changes to these absorbance intensities are observed upon 

prolonged air exposure.  In contrast, the  Si-OH absorbance intensity (3100 cm-1 to 

3600 cm-1) increases after an initial VUV exposure and keeps on increasing significantly 

during exposure to ambient for 6 days (Figure 4.3(a)).  These data demonstrate that 

VUV-induced reactive Si sites in the film interior remain reactive for days in air after 

initial treatment.  Experiments were also carried out in which OSG was sequentially 

exposed to VUV (60 min), and then to NH3.  XPS results (not shown) indicated only 

minor increases in N(1s) intensity, while significant nitridation occurs upon irradiation in 

the presence of NH3. Therefore, in contrast to interior sites, reactive surface sites have 

lifetimes of ~ 1 min or less, indicative of surface reaction with ambient background 

gases in the chamber.    
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Figure 4.3: Evolution of ex-situ FTIR spectra for OSG film in ambient for varying times 
after initial VUV+NH3 exposure: (a) 3700-2800 cm-1 region and (b) 1400-650 cm-1 region 
at different conditions: (i) Untreated (ii) Immediately after 270 min VUV+ 10-4 Torr NH3 
treatment (iii) 3 days in air after VUV+NH3 treatment and (iv) 6 days in air after 
VUV+NH3 treatment. Reproduced with permission.20  
 

The C(1S) peak intensity, assigned to 284.4 eV, [Figure 4.4 (a)] increases 

monotonically without passivation or shift in peak binding energy during VUV exposure, 

with or without NH3 present.   No C(1s) increase occurs without VUV exposure.   In 

order to investigate the continuous increase in C content, an experiment was carried out 
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under similar experimental conditions, but with a 10.2 eV lamp source, on a 

SiO2/Si(100) sample, and resulted in the growth of a C(1s) feature at 284.5 eV, shown 

in Figure 4.6 characteristic of graphitic (sp2) carbon. 21  That this graphitic carbon 

overlayer growth is specific to the experimental conditions employed here— sealed 

VUV source, stainless steel turbomolecularly pumped chamber, with background gases 

of CO, CO2 and hydrocarbons— is demonstrated by the fact that exposure of OSG to a 

downstream NH3 plasma  under different experimental conditions7 yielded a decrease in 

C(1s) intensity.  Based upon the attenuation of Si(2p) and O(1s)  intensities (Figures 

4.4b,c) the total average thickness of the graphitic overlayer on OSG is estimated to be 

~ 8 Å.  There is also no evidence of significant increase in C(1s) intensity at binding 

energies > 285 eV, as would be expected from C-O, C=O, C-N or C=N bond formation. 

22 The data therefore show that N is not incorporated at C sites, and that a VUV-induced 

graphitic carbon overlayer is being formed both in the presence and absence of NH3. 

The Si (2p) intensity maximum [Figure. 4.4(b)] is initially at 102.7 eV binding 

energy, characteristic of partially oxidized Si. 5, 23 Upon exposure to VUV/NH3, however, 

the peak maximum shifts to higher binding energies, indicating an increasingly oxidized 

average Si environment.   Previous studies23, 24 have shown that the Si(2p) environment 

of vicinal OSG is composed of a Si-O related feature (103.3 eV) and a Si-C feature 

(102.3 eV), shown in Figure 4.4b. The evolution of Si(2p) spectra (Figure 4.4b) indicates 

that exposure to VUV reduces the concentration of Si-C bonds in the OSG surface 

region, consistent with the FTIR data (Figure 4.3b).  The FTIR data also indicate Si-O 

bond breaking, but this would be masked in the XPS data (Figure 4.4b) by an increase 
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in Si-N bond formation, as similar Si(2p) binding energies are observed for Si-O and Si-

N bonding environments 23, 25.   

 

Figure 4.4: XPS spectra for (a) C 1s,(b) Si 2p, (c)O1s(c) and (d)N1s for OSG (k=3.0)at 
different conditions (i) Untreated (ii) VUV 30 min exposure without NH3 (iii) VUV 90 min 
+10-4 Torr  NH3 background (iv) VUV 270 min exposure with 10-4 Torr NH3 background . 
The features with dotted lines are deconvoluted Gaussian-Lorentzian peak fitting 
components centered at (b) 103.3 eV (Si-O) and 102.3 (Si-C), and (d) 399.2 eV (N-Si-
O) and 398 eV (N-Si-Si) binding energies. Reproduced  with permission. 20 

 

The O(1s) peak maximum (Figure. 4.4(c)) is initially at  532.5 eV.  O(1s) intensity 

decreases monotonically with increasing VUV/NH3 exposure, with a slight decrease in 

FWHM from 2.2 eV to 2.0 eV, and shift towards lower binding energy.  A similar shift in 

O (1s) binding energy from 532.5 eV in SiO2 toward lower binding energies is observed 

upon increasing nitrogen content of Si2-xNy films.26 The data in Figure 4.4 (c) therefore 

indicate increasing N-Si-O bond formation.  
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  N(1s) intensity [Figure 4.4(d)] shows a broad feature (FWHM = 2.5 eV) with a 

constant peak maximum binding energy at 398.5 eV.  This spectrum is well-fit by two 

features (FWHM = 2 eV) at 398 eV and 399.2 eV.  A binding energy near 398 eV is 

consistent with N-Si bond formation23, 27.  N(1s) binding energies of ~ 399 eV have been 

reported for C-amine bonds28  but also for a nitrided SiO2 surface.25 The evolution of the 

C(1s) spectrum (Figure 4.4a) rules out significant C-N bond formation, and the 

narrowing and shift of the O(1s) spectrum to lower binding energies with VUV/NH3 

exposure (Figure 4.4c) also demonstrates that no significant O-N bond formation is 

occurring.   These facts indicate that the breadth of the N(1s) feature (Figure 4.4d) 

arises from N bound to Si-Si species (N-Si-Si) and N bound to Si-O species (N-Si-O).  

Corroborating evidence comes from the fact that the N(1s) feature for ultrathin Si3N4 

films broadens upon Si-O bond formation in the same manner as in Figure 4.4d, due to 

formation of N-Si-O species.29  In summary, the data in Figures 4.3 and 4.4 indicate N 

bond formation at Si-Si and at Si-O sites, but not C-N or O-N bond formation.     

 Changes in C(1s), N(1s) and Si(2p)102.3 (Si-C) intensities  as a function of 

VUV/NH3 exposure, are displayed in Figure 4.5.  The increase in C(1s) intensity and 

decrease in Si-C intensity are linear with exposure time, and show no evidence of 

saturation.  In contrast, the increase in N(1s) intensity slows markedly at longer 

exposure times, Since nitridation is due to NH3 diffusion to and reaction with photo-

induced reactive sites, this saturation of N(1s) intensity, combined with monotonic and 

continued decrease in Si-C intensity, indicates hindered NH3 diffusion into the bulk  at 

longer exposure times.  This is evidence of densification of the surface layer.   
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Figure 4.5: Change in C(1s), Si(2p)102.3 and N (1s) intensities normalized for untreated 
OSG (k=3.0) sample  vs. time of exposure to VUV (8.4 eV) at 10-4 Torr NH3 background 
pressure.  The C(1s) and Si(2p)102.3 eV intensities are normalized to their initial values 
(no VUV exposure).  The N(1s) data is normalized to the initial C(1s) value (C0(1s).  
Dashed lines represent least-squares fit to the data points, while the solid line is a guide 
to the eye. Figure reproduced with permission.20  
 

Surface densification of OSG has also been reported to result from VUV 

exposure during He plasma treatment.15, 30 The exact cause was uncertain, although 

tentatively attributed to an OSG-related porogens. 15 The similar results reported here 

for both OSG and SiO2 however, indicate that such densification occurs in the absence 

of such porogens and may result from VUV photoreactions involving background gases.   

As discussed previously, Figure 4.6 represents the dependence of normalized intensity 

of C(1s) derived from XPS with the exposure time to VUV (~10.2eV from a UHV 

compatible Kr lamp) for several time to SiO2 sample.  C(1s) at 284.5 eV (corresponds to 

sp2 graphitic carbon21) increases linearly, similar to VUV+NH3 experiment on OSG 

sample. This results shows that there is surface graphitization due to photochemical 
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reaction with the background gases like CO, CO2 and hydrocarbons present in the 

chamber. Future work delineating such chemistry may have practical benefits for VUV 

surface pretreatment to minimize O2 or NH3 direct plasma treatment. 

 

Figure 4.6: Normalized intensity of C(1s) core level XPS spectra for Si/SiO2 against 
exposure time to VUV from Kr lamp. 
 

4.4 Chapter Conclusions 

The data in Figures 4.4 and 4.5 indicate the formation of N bonds at Si sites and 

not at C or O sites, as well as densification of the surface layer.   Similar nitridation 

results were recently reported23 for 500 eV Ar+ bombardment in the presence of NH3.  

No nitridation or other changes were observed, however, upon OSG exposure to 

thermalized amine radicals (NHx (x = 1,2)).23  These results and those of Bao, et al7  

indicate that Si-O/Si-C bond breaking and corresponding Si-N bond formation occur 

readily in the presence of ionizing radiation (500 eV Ar+, VUV or downstream plasma), 

but that C-N or O-N bond formation does not.  C-N bond formation, however, occurs 



46 

readily upon VUV/NH3 irradiation of hydrocarbons31 and fluorocarbons32, and for OSG 

films subjected to direct NH3 plasma.11 

  Therefore, VUV induced bond breaking/formation in OSG differs significantly 

from the process in hydrocarbon. This indicates that VUV-induced bond breaking or 

formation in OSG differs significantly from the process in hydrocarbons, and further 

indicates that C-N bond formation in OSG results from direct amine ion impact.  Thus, 

significantly different C-related chemistries should be observed for OSG films exposed 

to, e.g., direct NH3 plasmas compared to indirect plasmas or VUV-based processes . 
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CHAPTER 5 

He PLASMA PRETREATMENT EFFECTS ON OXYGEN PLASMA INDUCED CARBON 

LOSS AND SURFACE ROUGHENING IN AN ULTRA LOW-K ORGANOSILICATE 

GLASS FILM§ 

5.1 Chapter Introduction 

In the previous chapters the effects of oxygen plasma and its components like O 

generated by thermal cracker and VUV from UHV compatible Xe lamp source are 

discussed. The kinetics of carbon loss as discussed in chapter 3 indicates that the 

process of carbon abstraction is governed by the diffusion of O radicals (and perhaps 

other reactive species) through the interconnected nanopores.1-3 Therefore, sealing of 

nanopores, or the closing the interconnections between such pores, is a promising route 

towards minimizing plasma damage of OSG. Different pretreatment techniques for 

minimizing this damage have been reported,4-6 but a detailed understanding of pore 

sealing at the surface and in the bulk of the material is required to control the process.  

This chapter deals with an approach to reduce the carbon loss from the ULK material by 

He plasma pretreatment prior to oxygen plasma exposure. Also, it is observed that 

pretreatment with He plasma reduces the surface roughening incurred due to only O2 

plasma. The possible mechanism of controlled carbon loss due to pore sealing upon He 

plasma pretreatment is discussed.  

 Pretreatment of OSG with He plasma has been ascribed to surface 

densification.4,5    The work presented here, however, suggest that, although He plasma 

exposure does yield a more SiO2-like surface region, the principal inhibition of carbon 
                                                           
§ With the exception of section 5.1, this chapter is reproduced from Swayambhu P. Behera, Qing Wang, 
Jeffry A. Kelber, Journal of Physics D: Applied Physics, 44 (2011) 155204 [doi:10.1088/0022-
3727/44/15/155204], with permission from the IOP Publishing, Ltd. 
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abstraction is due to the He plasma-induced pore sealing mechanism in the interior of 

the OSG film. The limited pore interconnections causes in a cessation of the carbon 

abstraction process at longer O2 plasma exposure times.    

 

5.2 Experiment 

Details of the experimental system have been described in chapter 3 &4. The 

same experimental set up as in chapter 3 (Figure 3.1) was used for the experiment.1 

However, in this case, He plasma was first pretreated for 10 min before oxygen plasma 

exposure to the ULK film (k=2.54). The power and pressure for both He and O2 plasma 

were 20 W and 50 milliTorr respectively. The turbo pumping speed was controlled by a 

butterfly valve to allow milli-Torr pressure and dynamic flow for plasma generation. 

Samples (porous OSG with k = 2.54)of dimension 1 cm × 1 cm were scored from a 

300mm wafer, consisting of a 300 nm thick porous ultralow-k film (k = 2.54) supplied by 

a third party.1 This material has high degree of diffusivity or interconnectedness as 

defined by liquid diffusivity1,7,8 (see Table 3.1 in Chapter 3). The sample temperature 

during plasma exposure was measured by a spot weld thermocouple connected to the 

Ta sample holder. For XPS analysis after He plasma sample exposure, sample was 

exposed to the plasma in the introduction chamber and taken out of the chamber for 

XPS analysis.  Plasma exposure was done in the introduction/reaction chamber and 

taken out of the chamber for subsequent XPS, FTIR and AFM characterizations. XPS 

data acquisition were carried out at a constant pass energy (44 eV) mode with a 

hemispherical analyzer and a non-monochromatic Mg Kα (1253.6 eV) source operated 

at 15 KV and 300W.  XPS data analysis were carried using the established 
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methods.2,9,10 C(1s) feature at binding energy 284.4 eV in accordance with experimental 

value poly(dimethylsiloxane)11 was used as a reference for charge correction. FTIR data 

were collected in transmission mode in a commercially available spectrometer. AFM 

data were collected in a direct contact mode over 1µm× 1µm scan area using a silicon 

nitride tip. The surface roughness reported were the root mean square (RMS) value of 

the surface profile taken on six spots over the different regions of the sample. The error 

bars correspond to the standard deviation of the average values.  

 

5.3 Results  

AFM images of OSG topographical evolution upon exposure to O2 plasma, with 

or without He pretreatment, and corresponding RMS roughness values are shown in 

Fig. 5.1.  

 

Figure 5.1: 3D AFM images of ULK HPHD OSG (a) Pristine (b) after 10 min He Plasma 
only, (c) after 10 min He plasma and 10 min O2 plasma, (d) after 10 min O2 plasma only.  
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An image of pristine ULK OSG is shown in Fig. 5.1a. 10 min exposure to He 

plasma (Fig. 5.1b) does not significantly enhance the RMS roughness.  This finding is 

consistent with those of other groups indicating that He plasma treatment6 or H2/He gas 

mixture13 (with 4% H2) does not significantly enhance the surface roughness.  10 min 

He plasma pretreatment, followed by 10 min O2 plasma treatment, induces surface 

roughening and a finer texture to the surface, as shown in Fig 1-c.  This roughening, 

however, is much less than that observed upon O2 plasma treatment without He 

pretreatment (Fig. 5.1d). The effects of the He plasma pretreatment on AFM-derived 

RMS roughness evolution for ULK OSG films as a function of O2 plasma exposure times 

are shown quantitatively in Fig. 5.2.   

 

Figure 5.2:  RMS roughness of ULK HPHD OSG film with and without He plasma pre-
treatment. The error bars represent the standard deviation calculated from the 
roughness taken at different spots of dimension 1µm x 1µm within each sample. Insert 
― Temperature profile for He and O2 plasma.  
 



53 

The observed RMS roughness is greater at all O2 plasma exposure times for 

samples without He pretreatment.  For such samples, the roughness increases from 

0.28±0.02 nm for a pristine sample to 0.95±0.07 nm for 10 min O2 exposed sample, with 

roughness evolution accelerating at longer O2 exposure times (> 5 min).  For samples 

pretreated with He plasma prior to O2 plasma exposure, a relatively small initial increase 

in surface roughness levels off at longer O2 plasma exposure times.   The insert graph 

in Figure 5.2 shows the changes in temperature as a function of O2 and He plasma 

exposure time. An initial rise in temperature is observed, which saturates after few 

minutes. Therefore, the acceleration in surface roughening upon longer O2 plasma 

exposure times (Fig. 5.2) is not related to an increase in sample temperature.   

Additionally, sample temperatures during He plasma exposure are consistently higher 

(Fig. 5.2, insert) than those observed for corresponding O2 plasma exposures.  The 

data in Fig. 5.2 therefore indicate that evolution in surface roughness is not related to 

sample temperature.  Further, the data indicate that O2 plasma induced roughening of 

the vicinal surface accelerates at longer plasma exposure times (> 5 min), but that this 

accelerated roughening is inhibited by He plasma pretreatment.  

Changes in the Si-O-Si stretching mode (1250 cm-1 – 950 cm-1),14 upon exposure 

to He, O2 and O2 plasma with He plasma pretreatment are shown in Figure 5.3. This 

feature can be decomposed to three peaks centered near 1023 cm-1, 1063 cm-1 and 

1135 cm-1 as linear, network and cage structures, respectively.14,15 
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Figure 5.3: FTIR absorbance for Si-O-Si stretching mode (1250-950 cm-1) for ULK OSG 
exposed to (a) only He plasma, (b) only O2 plasma, and (c) O2 plasma with He plasma 
pretreatment.  
 

Upon exposure to He plasma there is a spectral shift towards lower binding 

energy suggesting formation of more Si-O-Si linear type structure (Fig. 5.3a) , along 

with decreases in intensity for the features associated with Si-O-Si cage and network 

structures.  Exposure of the vicinal OSG sample (Fig. 5.3b) to O2 plasma yields 

progressive decreases in the intensities of the cage and network-related features, with 

no corresponding shift towards lower binding energies.  He pretreatment of an OSG 

sample (Fig. 5.3c), followed by O2 plasma exposure, exhibits similar behavior to that 

observed in Fig. 5.3a.  Notably, O2 plasma exposure resulted in no further changes in 

spectral intensity or wavenumber beyond those induced by the initial He plasma 
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treatment.  Yasuhara et al15 has reported that the Si-O-Si linear structure is more 

resistant to plasma treatment than other structures, and that finding is consistent with 

these data.  The data in Fig 5.3. indicate that He plasma pretreatment induces a 

structural modification of the Si-O-Si linear structure, and that this modification is not 

substantially changed upon subsequent O2 plasma exposure, but differs from that 

observed in the presence of O2 plasma exposure alone.  

In order to discern the effects of He plasma pretreatment on the kinetics of O2 

plasma-induced  carbon abstraction, changes in relative Si-CH3 stretch mode 

absorbance (650 cm-1 – 950 cm-1)1,14 with O2 plasma exposure time  for a He-pretreated 

k=2.54 film are compared to previously published data1  for the same film without He 

pretreatment; an unpretreated high porosity film (k =2.57) with low pore 

interconnectedness, or diffusivity;   and a vicinal film of lower porosity (k=3.0) and low 

diffusivity.  As described previously, pore interconnectedness or diffusivity was 

ascertained quantitatively by optical measurements of isopropyl alcohol adsorption,1,7,8 

and the k=2.54 film is labeled as high porosity, high diffusivity (HPHD), the k=2.57 film 

as high porosity/low diffusivity (HPLD), and the k=3.0 film as low porosity/low diffusivity 

(LPLD).   

As described previously1  the decrease in Si-CH3 stretch mode absorbance, 

which is representative of carbon loss from the material,  is linearly dependent on the  

square root of oxygen plasma exposure time for the unpretreated LPLD (k=3.0) , and 

HPLD  (k=2.54) materials. The rate of carbon loss for HPHD is greater than for LPLD 

(Fig. 5.4).     
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Figure 5.4:  Changes in relative Si-CH3 stretch mode absorbance of films of difference k 
values and diffusivities exposed to O2 plasma under identical conditions with and 
without He plasma treatment: (porous ULK, k = 2.54) HPHD (high porous/high 
diffusivity); (dense ULK, k=2.57) HPLD (high porous/low diffusivity); (k= 3.0) CORAL, 
LPLD (low porous/low diffusivity).  Dashed lines are least squares fits to the 
experimental data.  The solid lines are guide to the eye.  For precise diffusivity values, 
see ref.1  
 

The kinetics indicate that oxygen radicals diffuse through a damaged layer to the 

interface between the damaged and undamaged regions, where O-induced methyl 

abstraction occurs, as determined by FTIR, XPS and DFT molecular dynamics 

situations.1,2 However, both the untreated HPLD film (high porous, low diffusivity) 

sample (k = 2.57) and the He pre-treated HPHD sample display no significant carbon 

loss at plasma exposure times > 5 minutes (Fig. 5.4). Previous studies1 concluded that 

the initial carbon loss for the unpretreated HPLD sample, coupled with a cessation of 
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the process at longer exposure times (Fig. 5.4), indicated that the limited pore 

interconnectedness of the HPLD sample baffles O diffusion in the bulk of the OSG film.   

The data in Fig. 5.4 also indicate that He pretreatment causes the carbon loss kinetics 

of the HPHD film to resemble those of the HPLD film— a significant initial decrease in 

Si-CH3 absorbance, coupled with negligible absorbance change at longer O2 exposure 

times.  These data therefore strongly suggest that the protective effect of He 

pretreatment is related to sealing pore interconnections within the bulk of the film, rather 

than to changes in surface structure or chemistry.  Indeed, the initial rate of carbon loss 

for the He-pretreated HPHD film is slightly higher than for the vicinal HPHD film (Fig. 

5.4), indicating that any He plasma-induced changes in the surface 

structure/composition do not retard the initial carbon loss rate but, in fact, slightly 

accelerate the process.  Therefore, the data in Fig. 5.4 demonstrate that the inhibition of 

carbon loss by He plasma pretreatment arises from changes in the film bulk, rather than 

in the surface region. 

In order to ascertain changes in surface chemistry induced by He plasma 

pretreatment, XPS spectra were acquired for a HPHD film pretreated for different 

exposure times with a He plasma.  Changes in the C(1s), Si(2p) and O(1s) spectra for 

an OSG  HPHD film as a function of He plasma exposure times are shown in Fig. 5.5 a-

c, respectively.   
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Figure 5.5: Evolution of OSG core level spectra upon exposure to He plasma: for (a) 
C(1s), (b) Si(2p), (c) O(1s) feature for pristine (bottom), 3 min He plasma treated 
(middle) and 20 min He plasma treated (top) samples.  
 

The C(1s) spectrum of the vicinal film (Fig. 5.5a, lower trace) centered at 284.4 

eV  is a broad feature (FMHM value 2.1 eV), which can be decomposed into a  higher 

binding energy C-C, and lower binding energy C-Si  feature,  as previously 

described.2,11,16 The intensities of both the features decrease upon 3 min exposure to 

He plasma (Fig. 5.5a, middle trace), and decrease further after 20 min exposure (Fig. 

5.5a, top trace).  Also as previously described,1,2,16 the Si(2p) spectrum of the vicinal 

surface can be decomposed into a Si-C  component (102. 4 eV) and higher binding 

energy Si-O spectral component at 103.4 eV (Fig. 5.5b, bottom trace).  Exposure to 3 

min He plasma (Fig. 5.5b, middle trace), and to 20 min He plasma (Fig. 5.5 b, middle 

and top traces, respectively) yield decreases in the relative intensity of the Si-C 
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component, consistent with the Si-C bond-breaking deduced from decreases in the Si-

CH3 stretch mode absorbance (Fig. 5.4).    At longer He plasma exposure times, a 

broadening of the Si(2p) spectrum to higher binding energies indicates the formation of 

a new Si binding environment, consistent with Si-OH formation.2 The O(1s) spectrum of 

the vicinal surface (Fig. 5.5c, bottom trace) can similarly be decomposed into SiO2-like 

and C-Si spectral components.2 Consistent with changes to the Si(2p) and C(1s) 

spectra, exposure to He plasma reduces the relative intensity of the C-Si component 

compared to that of the O-Si component (Fig. 5.5c, middle and top traces). These 

spectral changes are also consistent with the FTIR data (Fig. 5.4) and indicate that He 

plasma exposure results in scissioning of Si-C bonds and with the formation of a more 

SiO2-like surface environment. 

 

5.4 Discussion 

 The data reported here demonstrate that He plasma pretreatment of highly 

porous OSG inhibits oxygen plasma-induced surface roughening (Figs. 5.1, 5.2) and 

carbon loss (Figs. 5.3, 5.4), particularly at longer oxygen plasma exposure times, 

suggesting that the roughening and carbon abstraction processes are related.    

Although previous studies17 reported relatively little surface roughening due to oxygen 

plasma exposure, those studies were performed on a relatively non-porous film (k =2.9).  

As the data in Fig. 5.4 suggest, experiments on films of higher porosity and diffusivity, 

as examined here, should show a greater effect.  

  Although XPS data, consistent with previous reports5,18 indicate that He plasma 

pretreatment results in a more “SiO2― like” surface region, the time-dependence of 
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both oxygen plasma-induced roughening (Fig. 5.2) and carbon loss (Fig. 5.4) suggests 

that the protective effects of He plasma are due to changes in the bulk, rather than in 

the surface region.  In particular, O2 plasma exposure of a He plasma pre-treated HDHP 

film (k=2.54, Fig. 5.4) results in an increased initial rate of carbon loss compared to that 

of the vicinal film (exposure times < 5 min).  At longer oxygen plasma exposure times, 

however, carbon loss apparently ceases for the He pre-treated film, as is also observed 

for a HDLP film (k =2.57, Fig. 5.4).  The data in Fig. 5.4 therefore indicate that He 

plasma exposure results in changes to OSG bulk structure that decrease film diffusivity, 

presumably by closing interconnections between pores.  

 Although pore sealing by He plasma pretreatment has been reported  in the 

literature5,18,19  the results are have generally been discussed in terms of modifications 

to the surface region, rather than to the bulk, with the general consensus being that the 

protective effect is due mainly to formation of a densified,  SiO2-like overlayer.  This 

supposition is contrary to the FTIR data presented here (Fig. 5.4) and also inconsistent 

with the finding, based on both experimental20,21,22  and theoretical23 results, that O(3P) 

radicals can diffuse readily through an SiO2 overlayer to react at the overlayer/substrate 

interface.  Instead, the data in Figs. 5.3 and 5.4 indicate that reactions within the bulk 

inhibit the diffusion of O radicals.  The FTIR data shown here (Figs. 5.3, 5.4) and XPS 

data (Fig. 5.5) further indicate that whatever mechanism is responsible for decreasing 

the bulk diffusivity does not involve Si-O bond scission.  One possible pathway for He 

plasma -induced pore sealing is Si-CH3 bond scission, followed by cross-linking to 

produce more Si-O-Si linkages.   The occurrence of these changes in the bulk of the 

film also strongly suggests that VUV radiation associated with He plasma formation, 
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rather than He ions or excited neutrals, is responsible for these changes.   A practical 

consequence of these findings is that an effective pretreatment to inhibit O2 plasma 

effects may involve exposure to VUV radiation or to He plasma prior to patterning and 

fluorocarbon ashing.  Alternatively, one might use films of f high porosity and low 

diffusivity, since the two factors can be controlled somewhat separately.1 In any case, it 

should be recognized that He plasma pretreatment significantly inhibits roughening and 

oxygen plasma-induced carbon abstraction only at longer plasma exposure times, 

indicating that the primary effect is the inhibition of O radical diffusion through interior 

nanopores, rather than the formation of a surface barrier. 

 

5.5 Chapter Summary 

 In summary, ex situ AFM, FTIR and XPS data indicate that He plasma 

pretreatment of a highly porous OSG film with high diffusivity inhibits surface 

roughening, while causing the surface region to become chemically more like SiO2.   He 

plasma treatment also inhibits carbon loss relative to that of the vicinal film, but only at 

longer O2 plasma exposure times (> 5 minutes).   At O2 plasma exposure times < 5 

minutes, the rate of carbon loss is in fact accelerated for the He-preteated film 

compared to the vicinal film.  These data indicate that the protective effect of He plasma 

pretreatment is due to changes induced within the bulk of the OSG film, rather than in 

the surface region, consistent with the ability of O(3P) radicals to diffuse through SiO2.  
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CHAPTER 6 

SUMMARY AND FUTURE DIRECTIONS 

 

The plasma/low-k dielectric interactions and the kinetics of carbon loss have 

been discussed in this thesis. The thermal oxygen present in the film is primary 

responsible for CH3 abstraction that diffuses through the porous film supported by 

experimental and theoretical work.  The kinetics of carbon loss is governed by the pore 

interconnectedness as evident from the FTIR results for high porous and low diffusivity 

sample.  The control of the carbon damage for ULK porous OSG has become a major 

topic of investigation. Carbon loss can be controlled by making the film dense ULK film, 

i.e. by limiting the pore interconnectedness. Also, He plasma pretreatment prior to 

oxygen plasma treatment shows an effective way to control carbon abstraction. He 

plasma pretreatment prior to O2 plasma exposure induces pore sealing in the OSG film 

interior, inhibiting carbon abstraction, but only at longer O2 plasma exposure times 

(exposure time >5 min). The data are consistent with XPS data showing that OSG 

exposure to He plasma results in a more SiO2-like surface layer, but that atomic O will 

diffuse through a continuous SiO2 film. Definitely more research work is required to 

understand the pore sealing mechanism due to He plasma. The effect of other plasma 

chemistries like H2/He and NH3 plasmas for pore sealing is an emerging direction to 

look at for future work. There is evidence of surface nitridation due to VUV exposure in 

NH3 ambient as discussed in Chapter 4. So understanding the diffusion kinetics in a 

nitrided surface is a possible direction to understand the pore sealing process more 

closely. In addition to that, we have recently built an inductive couple plasma (ICP) unit  
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coupled with in-situ plasma characterization by optical emission spectroscopy (OES) will 

definitely give more detailed idea of plasma damage and etch chemistry and can be 

very good direction to continue as a future work.  

The low-k/plasma interaction is a quite board and complex subject and I 

understand a single PhD thesis is not enough to cover all the issues involved and more 

efforts and work are require to understand this pragmatic and interesting subject.  


