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CHAPTER 1 

INTRODUCTION 

This chapter is intended to delineate general concepts of the various materials and 

processes of integrated circuit (IC) fabrication that are related to the thesis research. Fundamental 

theories and relevant terminologies are discussed to provide the reader necessary background for 

better elucidation of the dissertation results, interpretation and significance, in following chapters. 

1.1 Development of Cu/Low-k Interconnects 

Since the innovation of the Ge-based transistor to replace vacuum tubes in 1947 at Bell 

Labs, solid state technology has been making fluent progress bringing forth more powerful, yet 

more cost-effective and energy-saving products [1]. The first planar IC containing a few transistors 

per cm2 was developed by Jack Kilby in 1958 at Texas Instruments [2-3]. When it comes to 

building a faster computer, the most direct way towards performance improvement of an IC is to 

increase transistor speed, shrink transistor size and pack more transistors onto a single chip. 

Density of transistors in IC chips has been doubling every 1.5 years since the 1960s to achieve 

better chip performance according to Moore’s law [4]. Advanced microchips contain 108-109 

transistors in an area <1 cm2 and operate at about several gigahertz clock frequency. Overall 

manufacturing process of an IC can be dissected into two major parts: (i) ‘the front end of line’ 

(FEOL) process where complementary metal-oxide-semiconductor (CMOS) devices are built on 

silicon substrate, and (ii) ‘the back end of line’ (BEOL) process where interconnections are built 

between individual semiconductor devices [5]. Due to the complexity of the very-large-scale 

integration (VLSI), the modern interconnect structure may contain a hierarchical system with 8-

10 levels of metallization layers (Figure 1.1) fabricated on and within silicon wafers by dual-



 2 

damascene process - a series of sequential steps of deposition and removal of material [6-8]. The 

word ‘damascene’ originates from Damascus, the ancient capital of modern Syria where a unique 

additive art of inlaying different metals to produce elaborate patterns was popularized. 

 

Figure 1.1. Illustration of hierarchical scaling of Cu-based BEOL in a typical multi-level chip 

cross section [8]. Features not necessarily to scale.  

 

As the minimum spacing between metal leads in advanced ICs continues to decrease with 

scaling of each technology generation, the speed of an electrical signal can be reduced due to the 

following consideration. The switching time of an individual transistor is known as the transistor 

gate delay and the signal propagation delay through the interconnection is known as resistance-

capacitance (RC) delay where R is wire resistance and C is dielectrics capacitance [9].  
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Figure 1.2. Schematic cross-section of interconnect RC circuit with parasitic capacitances. 

 

Using a simple first-order model, the RC delay of a generic interconnect structure (Figure 

1.2) can be evaluated using equation 1.1 assuming the metal width is half of minimum metal pitch 

length (P) and dielectric thickness above and below a metal line equals metal line thickness (T):  

RC  =  2 ρ k εo (4L2/P2 + L2/T2)       (1.1) 

where ρ is metal resistivity of line length L and capacitance C, k is dielectric constant of inter-layer 

dielectrics and εo is permittivity of vacuum [10].  

Reducing wire cross-section increases its resistance and bringing wires closer together 

increases capacitance between the wires [10]. Consequently RC delay increases with shrinking 

device dimensions. As RC delay exceeds transistor speed for sub-micron technology, it becomes 

an increasingly significant performance-limiting factor compared to the delay caused by gate.  

Two main approaches were explored to compensate for the increasing RC delay due to 

continuous device shrinkage – (i) using metal elements with lower resistivity, and (ii) using new 
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dielectric material with lower dielectric constant (k) [11]. Since 1997, copper (1.67 μΩ.cm) and 

low-k materials (in principle anything with lower k than SiO2) have been introduced as 

interconnect materials replacing conventional Al (2.66 μΩ.cm) and SiO2 (k ~ 4.2) respectively, to 

reduce RC delay, voltage drop, cross-talk noise and power dissipation. While Cu has been a well-

established choice for interconnect metal due to ~30% reduction of resistivity (Ag offers additional 

6% lower resistivity but not cost-efficient when compared to Cu), further reduction in RC delay 

heavily depends on continuous development of novel dielectric materials. 

1.2 Low Dielectric Constant Materials 

Reducing dielectric constant of the inter-level dielectric reduces RC delay, ‘cross-talk’ 

between lines and AC power consumption [11]. Roughly one third of the total power of a chip is 

dissipated in the interconnects. Reducing dielectric constant of the interlayer dielectrics improves 

insulation and reduces device power usage. In theory, a low dielectric constant (low-k) material is 

any dielectric with a k value between the traditional dielectric choice for micron-scale technology 

nodes SiO2 (k ~4.2) and vacuum (k = 1). Classically, the dielectric constant of materials is 

described by Clausius-Mossotti-Debye equation (equation 1.2), where N is the number of 

molecules per cm3 volume i.e., density [12]. Displacement of bonding electrons under applied 

electric field is described by electronic polarization (αe). Displacement of nuclei under applied 

electric field changes bond distance and is known as ionic polarization (αi). Thermal average of 

permanent electrical dipoles under applied field is termed dipolar polarization (αo) and is equal to 

a factor (μ2/3kbT) where μ is orientation polarizability at temperature T and kb is Boltzmann 

constant.  

(k - 1)/(k + 2)   =   (N/3εo) (αe + αi + αo)                                                 (1.2) 
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Two possible pathways to reduce dielectric constant of a material are by reducing the 

polarizability factors (α) and density factor (N) according to equation 1.2. Total polarizability 

diminution involves replacing highly polarizable Si-O bonds with chemical bonds of less 

polarizability such as Si-F, Si-C, Si-H, C-H, C-C etc. Chronological development of different 

classes of low-k materials is well documented and is summarized in Table 1.1 [13-18]. While FSG 

was mostly applied in 180 and 130 nm technology, the dielectric material of choice since 90 nm 

technology node has been CVD OSG materials. Breaking down the three-dimensional Si-O-Si 

structure reduces overall density and replacing O atoms with non-electronegative H atom or non-

polar CH3 groups reduces total polarizability. These are also known as carbon-doped oxides 

(CDO) of silicon.  

 

Low-k Film k value Deposition method 

Fluorinated silicate glass or SiOF (FSG) 3.2-3.6 CVD, PECVD 

Polyimide 3.1-4.0 Spin-on 

Diamond-like carbon 2.7-3.4 PECVD 

Organic hydrocarbon polymers 2.6-2.9 Spin-on 

Benzocyclobutene (BCB) 2.6-2.8 Spin-on 

Hydrogen silsesquioxane (HSQ) 2.5-3.3 Spin-on 

Fluorinated polyimides 2.5-2.9 Spin-on 

Methyl silsesquioxane (MSQ) 2.0-3.0 Spin-on 

Organo silicate glass or SiCOH (OSG) 2.2-3.5 CVD, PECVD 

Porosity-containing materials <2.6 CVD, Spin-on 

 

Table 1.1. Representative list of varieties of low dielectric materials with reported k values and 

preferred deposition method [18].  
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Development of ultra-low-k (ULK) materials (k <2.5) requires reduction of material 

density by rearranging molecular structure or introducing porosity in dense low-k dielectrics. 

Constructive method to create self-organized free volume or subtractive method of high-

temperature decomposition of sacrificial porogen are usually employed [13]. However low-k and 

ULK dielectrics have become a reliability concern due to lack of sufficient mechanical strength to 

survive dicing, packaging, and assembling processes. Weaker Si-C bonds are broken during harsh 

plasma conditions and wet processes, whereas porous structure increases accessible surface area 

and allows penetration of contaminants. Poor mechanical strength results failure during CMP 

process or wire bonding step [19]. Moreover, newer packaging techniques such as Cu pillars 

(~45% higher driving force for fracture), lead-free soldering, wire-bonding etc. continuously 

challenge researchers to improve inherent mechanical integrity of a seemingly porous framework.  

1.3 Principles of Plasma Etching  

Etching processes in micromachining are the most essential methods for designing 

micropatterns [20]. In an etching process, materials from a flat surface are removed as single 

atoms, molecules or small clusters with <100 atoms from solid to mobile phase. The choice of 

respective etching process depends on the chemical properties of the particular material removed 

and the other materials not to be removed but exposed to the etching medium. Based on such 

material selectivity, best etching procedure is optimized to design a desired geometry at acceptable 

etch rate. A broad categorical overview of different lithographic etching processes in 

microelectronics fabrication is summarized in Figure 1.3 [21]. Considering the basis of current 

dissertation work, only plasma etching class is discussed in details in the following section.    

Majority of dry etching processes involve cold plasma-based ions, activated atoms, 

energized molecules such as free radicals, cations, anions, electrons, photons, electronically 



 7 

excited molecules, vibrationally excited molecules etc. [21]. A typical vacuum pressure of 1-100 

mTorr is required to provide sufficiently long mean free path and large acceleration of charged 

particles with kinetic energy higher than ionization energy of gas particles. Ignition and 

maintenance of plasma is done by high-frequency generator with frequency in radio wave or 

microwave range depending on the power density required. The reactors for plasma etching differ 

in placement of the electrode for example barrel reactors, down-stream reactors or planar-plate 

reactors [21].  

 

Figure 1.3. Schematic overview of lithographic etching classes [21]. 

 

 Applied electric field dissociates the feed gas into ions, radicals and electrons under plasma 

conditions. Etch removal is mainly caused by the high kinetic energy bearing radical species that 

determines special distribution of the etch rate. Ions and electrons generally possess low kinetic 

energy but can be bombarded onto substrate surface when accelerated. Sample is typically loaded 
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onto a bottom electrode and increasing negative bias increases rate of ion bombardment. Reactive 

etch molecules and radicals are usually combined with physical bombardment of ions to produce 

volatile derivative of the substrate material that is pumped out of etch chamber [21]. Radicals, the 

primary etchant, are thermalized particles and travel in random directions in plasma conditions. In 

that respect, materials from a flat substrate are removed in all directions at equal rate and plasma 

etching is, therefore, an isotropic process. Anisotropy or directional etching is very important in 

current integrated circuit structure and is achieved by preferential protection of a selected surface 

and etching exposed surface sequentially [22]. First, a protective layer is deposited onto all 

exposed substrate surface in plasma condition followed by ion bombardment and physical 

sputtering directionality for directional removal of material. A typical example is high-aspect ratio 

trench etching where trench sidewalls are protected by an inhibitor film that prevent lateral etching 

allowing only trench bottom etching far inward. Choice of passivating film depends on the 

substrate, compatibility with etch chamber configuration and resistivity to etch chemistry. 

Fluorohydrocarbon plasmas are excellent example where the same precursor feed gas is 

used for anisotropic etching of silicon-based substrates by generating F etchant and CFx species 

that polymerize to form protective fluoropolymer layer [23-25]. These competing processes are 

balanced by process parameters. Often addition of other feedstocks in different steps are required 

to obtain desired etch rate and etch profile directionality. Fluorine etches silicon and silicon dioxide 

type substrates by forming volatile SiF4 product. Fluoropolymer protective layer is thinned by ion 

bombardment which also helps in breaking strong (due to OSi back-donation of lone pair of 

electrons) Si-O bonds and raising surface temperature. Released O atoms from this process burns 

polymerizing CFx species that effectively reduce fluoropolymer layer thickness. Often oxidant 

gases are added to further reduce protective layer thickness but just thick enough to resist reactive 
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F etchant penetration into protected surface. Apart from thickness, chemical composition of 

fluorocarbon polymer is also important for plasma etching process. More carbonaceous films are 

generated from higher C/F ratio feedstock such as C3F6, C4F6, C4F8 etc. and are more resistant to 

F etchants [26-27]. Common feed stock additions include oxygen and argon to achieve higher etch 

rate and increased ion bombardment energy respectively. The detailed study of chemical bonding 

structure of etch-residue-like fluorocarbon polymers deposited on trench low-k patterns is 

discussed in Chapter 3. 

A few nanometers of fluoropolymer protective residues remain at the feature sidewalls and 

<1 nm at bottom surface after an anisotropic etch process [24]. Subsequent removal of these 

residues is essential before moving forward to the next step. Poor adhesion to subsequent barrier 

layer is ensued due to low surface energy of fluoropolymers [28]. Incomplete fluoropolymer 

removal reduce or prevent electrical contact between dielectrics and metal resulting device failure 

[29-31].  

Since the composition of etch residues strongly depend on process conditions, formulation 

of universal clean method is quite challenging. Both dry plasma process and wet clean processes 

have been used for post-plasma etch residue clean purpose - individually and in combination [32]. 

Dry plasma method using oxidizing and reducing chemistries often combined with noble gases 

(H2, O2, N2, He, Ar) damage fragile low-k material resulting carbon depletion (loss of CH3 groups), 

surface densification and moisture uptake, sometimes down to the porous bulk. Although reducing 

plasma are somewhat less harmful towards vulnerable interlayer dielectrics compared to O2-based 

plasma, a completely non-damaging dry clean method is yet to be developed.  

In comparison, wet clean formulations are extensively studied and employed as residue 

clean method more routinely. With transition from Al/SiO2 to Cu/low-k generation, previously 
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practiced hydroxyl amine chemistry were no longer applicable since Cu easily chelates with amine 

ligands. Since introduction of Cu/low-k technology, most popular silicon surface clean method has 

been the RCA clean – a sequence of standard clean-1 (SC-1), dilute HF (dHF) and standard clean-

2 (SC-2) steps followed by rinsing and drying. SC-1 step uses 5:1:1 mixture of deionized water: 

ammonium hydroxide and hydrogen peroxide (30%) at 60 oC [28]. Strong oxidizing nature of SC-

1 chemistry helps clean organic contaminants and particles but grows thin oxide layer. Therefore 

a second step of dHF solution (50:1 mixture of deionized water and 49% HF) is used to strip off 

the oxide layer at 25 oC. Finally wafers are immersed in SC-2 solution – 5:1:1 mixture of deionized 

water: hydrochloric acid (39 wt%) and hydrogen peroxide (30%) at 60 oC to clean remaining 

metallic and ionic contaminants. Other aqueous acidic cleaners based on hydrofluoric, chromic, 

sulfuric, and nitric acid have also been investigated [29,33]. Although exact mechanism of residue 

removal has been difficult to evaluate, general undercutting and dielectric lift-off mechanism can 

be well inferred [28]. Such aggressive clean chemistries damage underlying porous CDO layer, 

oxidize Cu at feature bottom and increase featured critical dimension. Organic solvent-based or 

semi-aqueous fluoride based cleaning formulations are currently employed. These consist low 

concentration of fluoride etchant (from HF or inorganic fluoride salts) but the act via undercutting 

mechanism as well. Recently reductive naphthalene radical anion chemistry has been investigated 

[34-35]. Electrochemically generated sodium-napththalenide radical anions cause defluorination 

of fluoropolymeric etch residues. However incomplete removal and possible sodium 

contamination remain critical challenge for integration. Ozone water has also been looked into, 

but strong oxidizing properties of ozone limits OSG-dielectrics compatibility and toxicity of ozone 

limits its practical application. Supercritical fluids, especially supercritical CO2 has drawn interest 

recently due to its low surface energy and environment friendliness [36]. High critical pressure 
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(72.9 atm) of CO2 requires cost-extensive clean chamber and complicated, if capable, process 

integration. In combination with small feature sizes and high aspect ratios, compatible cleaning 

formulations are required to avoid trench pattern collapse and dielectric pore collapse with no 

modification of material properties. The detailed analyses of complete removal of etch-residue-

like fluorocarbon polymers deposited on trench low-k patterns with minimum dielectric damage is 

discussed in Chapter 4.  

1.4 Cu/Low-k Integration Challenges 

 

 

Figure 1.4. Schematic BEOL integration comparison of conventional Al/SiO2 gap-fill and Cu/low-

k damascene approach [38]. 

 

A schematic illustration of Al/SiO2 and Cu/low-k technology is shown in Figure 1.4. Cu-

based BEOL ensues change in overall integration scheme and one of the main challenges for 

process integration is to change damascene approach for almost all conductive layers [37]. For 
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example, high diffusion rate of Cu in Si and its oxide leads to enhanced interline leakage and 

requires encapsulation by diffusion barriers. Additionally, copper is difficult to plasma etch due to 

lack of volatile products unlike Al/SiO2 technology and therefore induce damage to deposited 

dielectric material through various processing steps, especially plasma etch, photoresist strip/ash 

and CMP wet process. Since lines and vias are patterned separately and then filled together in a 

single metal deposition step, overall manufacturing cost is reduced. In an early overview of Cu 

integration, various dual damascene approaches were classified by the first patterning step – (i) 

trench first, (ii) via first, and (iii) self-aligned or buried concept with trench etch stop [40].  

 

 

Figure 1.5. (a) Various physical and chemical processes that are detrimental to porous low-k 

material and (b) comparison of relative dielectric damage during progression of etch-strip 

sequence [39]. See text for description of numeric legends in (a). 

 

Maintaining electrical and mechanical properties of porous low-k material throughout dual-

damascene process is a major challenge [41]. About 10-40% porosity of 1-3 nm sized pores allow 

reactive chemical species to penetrate into the low-k bulk causing severe material damage. 

Virtually all damascene processes – from capping to patterning to cleaning – are capable of 

inducing damage to fragile ILD network as demonstrated in Figure 1.5 (a). Numeric legends in 
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Figure 1.5 (a) represent adhesion failure (1), ILD plasma damage during HM deposition (2), 

sidewall ILD damage from via etch and PR strip (3), OPL penetration during via fill (4), LBR and 

pitting from uneven etch-front (5), Sidewall ILD damage from line etch and PR strip (6), 

exacerbated LBR and pitting due to cap open (7), discontinuous barrier layer due to large, 

interconnected pores (8), ILD damage from CMP (9), and Cu pre-clean/cap deposition plasma 

damage (10). Advanced dielectric patterning processes use aggressive plasma-based conditions, 

especially plasma stripping or ashing of photoresist layer is considered most detrimental (figure 

1.5 (b)) [42].  

 

Figure 1.6. Schematic drawing of various OH species present in siloxane based dielectrics [43].  

 

Oxidizing plasma is used in removal of organic photoresist material. Advanced low-k 

materials also include significant organic doping in form of Si-CH3 bonds that reduce molecular 

polarizability and are therefore susceptible to oxidation during stripping process [44]. Carbon 

depletion results oxygen incorporation as silanol (Si-O-H) groups that absorb moisture via H-

bonding shown in Figure 1.6. Absorption of water molecule with k ~80 greatly increases overall 

dielectric constant of low-k material. Additionally removal of methyl groups leads to collapse of 

pores causing densification. As a result high leakage current and low breakdown voltage are 

observed creating serious device reliability concerns.  
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In comparison to oxidative ashing, dielectric etching process by fluorocarbon-based 

plasma are less damaging. Oxygen is often released from organosilicate substrate during ion 

bombardment and often oxygen is directly added to plasma feedstock to improve etch rate [45-

47]. These oxygens burn carbon fragments of CDO producing COF2, CO, CO2 etc. The effect of 

carbon depletion is similar to strip process damage. Some extent of damage protection is provided 

by the passivation layer deposited to facilitate anisotropic etching that block harmful reactive 

species. In turn, incomplete removal can leave residues and roughen etched surface and cause poor 

adhesion and contact issues. CMP process similarly can also cause low-k damage and add 

contamination [32]. The detailed evaluation of plasma damage studies during etch and strip 

processes are discussed in Chapter 5.  
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CHAPTER 2 

INSTRUMENTATION 

 

2.1 Introduction 

Device and integrated circuit technology has evolved towards complicated 3D architecture 

to keep up with Moore’s empirical law over the last decade. In line with continuously shrinking 

dimensions, fabrication of sub-32 nm 3D structures use new materials and processes. This poses a 

great challenge to the existing metrology tools in terms of sensitivity, sustainability and cost-to-

ownership for future technology nodes. In 2013 version of International Technology Roadmap for 

Semiconductors, criteria for new metrology development were laid out as following – “The 

roadmap for feature size reduction drives the timeline for metrology solutions for new materials, 

process, and structures. Metrology methods must routinely measure near and at atomic scale 

dimensions which require a thorough understanding of nano-scale materials properties and of the 

physics involved in making the measurement. Metrology development must be done in the context 

of these issues. Metrology enables tool improvement, ramping in pilot lines and factory start-ups, 

and improvement of yield in mature factories. Metrology can reduce the cost of manufacturing 

and the time-to-market for new products through better characterization of process tools and 

processes.”  

A significant effort of this dissertation work was dedicated to the development and 

significance of appropriate metrology for bulk, surface, interface and thin film characterization – 

especially in infrared (IR) spectroscopy field. Theoretical aspects of IR technique and spectrometer 

engineering for various applications have been well documented [1-2]. Nevertheless, regular 

application of IR spectroscopy in semiconductor research and development field is still somewhat 
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limited. Therefore, the development of new IR metrology, its advantages over other analytical 

tools, and potential applications in semiconductor-relevant materials deserve discussion in due 

details. 

2.2 Fourier Transform Infrared (FTIR) Spectroscopy 

A chemical bond between two particular atoms has a characteristic vibrational frequency 

owing to the atomic motions which lie in infrared region of the electromagnetic wave spectrum 

[3]. Infrared radiation is absorbed as it passes through a sample and absorptions at specific 

wavelengths indicate presence of specific chemical bonds. Frequencies of mechanical vibrations 

in a polyatomic molecule are used for characterization of types of bonds and functional groups 

present [4-6]. IR spectroscopy provides specific information on physical characteristics and 

chemical fingerprints of the analyte material. Capability of surface, interface and bulk quantitative 

and semi-quantitative analyses of samples in large or microscopic amounts over a wide 

temperature range have established infrared spectroscopy as a major analytical tool for material 

characterization in industrial analysis and research laboratories [7-9].  

IR spectroscopic analysis is gaining momentum in semiconductor manufacturing 

technology as a rapid, non-destructive and cost-effective characterization technique operable in 

atmospheric conditions (no ultrahigh vacuum system required) compared to other analytical 

techniques such as x-ray photoelectron spectroscopy (XPS) and secondary ion mass spectroscopy 

(SIMS). This is because of the fact that silicon is an ideal substrate for IR analysis due to its primary 

absorption in middle infrared region (3-5 μm) and potential applicability in a much wider window 

(1.2-1500 μm) as required. Applications of IR spectroscopy for characterization of materials used 

in microelectronic devices was reviewed recently [10]. Popular mode of IR measurement is normal 

transmittance due to its simple instrumental set up but may suffer from interference fringes and 
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limited spectral resolution. Modern microfabication analysis often involve surface, interface and 

very thin film characterization that require extra sensitivity. Internal reflection spectroscopy is 

developed based on the attenuated total reflection (ATR) phenomenon of incident IR light. When 

light travels from a medium of high refractive index to a medium of lower refractive index, total 

reflection is possible if angle of incidence is larger than the critical angle. When lower refractive 

index medium absorbs, reflected light is ‘attenuated’ compared to incident light. A comparison of 

transmittance and total reflection of incident IR beam in conventional transmission mode and 

internal reflection mode is demonstrated in Figure 2.1. 

 

 

Figure 2.1. Comparison of conventional transmission and ATR mode of IR spectroscopy. 

 

Various optical arrangements of ATR-IR spectroscopy have been explored. Multiple 

internal reflection (MIR) mode enables enhanced surface sensitivity with one monolayer 

detectability [11-13]. MIR is found to be most sensitive configuration capable of amplifying and 

measuring weak absorptions due to its high reflectivity (~100%) and numerous internal reflections 

[14-16]. N. J. Harrick has pioneered the development of multiple internal reflection spectroscopic 

techniques for studying surfaces and thin films [17]. Internal reflection elements as shown in 
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Figure 2.2 requires attaching additional quarter rounds to the substrate surface via secure optical 

contact. However, polishing quarter round parts from silicon ingot is extremely difficult in 

practice. 

 

Figure 2.2. (a) Single pass and (b) Double pass internal-reflection plates for multiple internal 

reflections [18].  

 

An alternative approach to attaching additional angled contact part is to optically polish the 

terminal faces of the substrate at desired angle by sequential chemical-mechanical polishing steps. 

MIR-IR utilizes the silicon wafer itself as an IR waveguide to enable multiple total internal 

reflections (ca. 80 reflections from a 60 mm Si internal reflection element), which greatly enhances 

IR measuring sensitivity. A standing evanescent light-wave pattern generated by superposition of 

incoming and reflection waves at appropriate oblique incident angles onto an internal reflection 

element is responsible for surface/thin film analyses as shown in Figure 2.3. During total internal 

reflection the electromagnetic field penetrates into the rarer medium and its amplitude decays 

exponentially with distance from surface. The evanescent wave has the same frequency as the 

incoming wave but its wavelength is infinite [18]. Strength of absorption interaction is determined 

by travel depth of resultant evanescent wave which predominately depends on angle of incidence, 

total optical path length and the ratio of refractive index of rarer medium to that of denser medium. 
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High reflectivity (~100%) and multiple internal reflections over larger sampling area amplify weak 

absorptions. 

 

Figure 2.3. MIR-IR configuration where standing evanescent wave is generated for very thin film 

analysis on a substrate cut and polished into a trapezoid. 

 

Chyan et al. in Interfacial Electrochemistry and Material Research (IEMR) laboratory at 

UNT has developed a metrology for polishing beveled face directly from silicon wafers with 

patterned nano-structures into internal reflection element and succeeding MIR-IR spectroscopic 

study. Wide range of samples from plasma polymerized thin film hydrogels (~200 nm) to trace 

level detection of organic impurity in hydrofluoric acid; from boron doping in amorphous silicon 

to fluorocarbon thin film on porous dielectric trench patterns [19-21]. However organic impurities 

are added during polishing step or sample surface can be damaged if not handled cautiously. 

Careful handling during several sample preparation steps like precision cutting of small sample 
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crystals, polishing, after-cleaning control overall photometric accuracy of measured spectra as 

discussed in next segment. 

 

Figure 2.4. Measurement system variation analyses of T-IR and MIR-IR measurements of OSG 

low-k film in terms of repeatability ((a) and (b)) and reproducibility ((c) and (d)). 

 

Photometric accuracy is very important factor in quantitative investigation of samples. 

Spectral features and individual peak heights of any spectrum need to be reproducible over 

multiple measurements under same conditions for accurate analysis. Major factors that contribute 

to the overall fluctuation in measured peak heights are surface damage (caused during cutting, 

cleaning, wet treatment or spectra measurement), instrumental anomalies (source/detector 

fluctuation), sample variation (differential processing effect: central vs. edge of a full wafer), 

precise sample/coupon placement in sample holder, differential patterning structure and 
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heterogeneous distribution of analyte within the sample, differential cutting/polishing routine to 

yield non-equivalent crystals. Post-processing steps such as atmospheric correction (moisture, 

CO2, nitrogen oxides etc.), baseline correction also impart additional variance in measured 

spectrum. A good stable measurement system is evaluated repeatability of metrology and 

reproducibility of measured data by multiple operators. ‘Repeatability’ is defined by the variation 

in measurement generated by single operator from multiple measurements using one measurement 

instrument and therefore inherent to the metrology itself. ‘Reproducibility’ is defined by the 

variation in multiple measurements generated by several operators using the same instrument and 

therefore inherent to the appraisers [22].  

MIR-IR metrology used for current research is optimized to great sensitivity for sub-3 nm 

thin film analysis application where weak absorptions a low as 0.2 miliaborbance (mabs = 

absorbance * 10-3) unit can be detected. Measurement system variability was determined in terms 

of repeatability of metrology and reproducibility by multiple operators. Figure 2.4 summarizes 

MIR-IR metrology measurement variation data for system repeatability (12 scans) and appraiser 

reproducibility (5 scans). Relative standard deviations of various absorption bands from 

transmission IR (T-IR) and MIR-IR analyses of an organosilicate based low dielectric thin film 

were calculated as <0.1% and <2% respectively. 

Interpretation of vibrational bands in an IR spectrum heavily depends on precise 

background (substrate) subtraction. Any difference in substrates between sample and background 

may appear in the resultant spectrum and therefore requires careful consideration of impurity 

effects. Semiconductor substrate silicon is grown by either Czochralski (CZ) or Flat-Zone (FZ) 

process. Oxygen is the most dominant impurity in monocrystalline CZ-grown silicon and 

introduced during the crystal growth from partial dissolution of the quartz crucible [10]. It is 
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facilitated by the fact that Si has high affinity for oxygen (Si-O bond energy in (CH3)3 Si-OH is 

5.6 eV while Si-Si bond energy is 2.3 eV in silicon). Although impurity concentration [O] ≥ 1018 

atoms/cm3 does not influence electrical properties significantly, it still critically affects crystal 

lattice quality, mechanical properties and surface micro-roughness [10]. O impurities can be 

beneficial in efficient gettering of unwanted metals. On the other hand, substitutional and 

precipitated O (forming SiOx, x≤2) affect device performance [23]. Interstitial oxygen (Oi) in 

silicon generate characteristic infrared vibrational bands as summarized in Table 2.2 [8]. Oi peak 

absorbance is directly proportional to Oi concentration and can therefore be used for quantitative 

analyses. 

 

Peak  (cm-1) FWHM (cm-1) Relative intensity Assignment 

1720 31 0.016 ν1 + ν2 (combination band) 

1226 22 0.011  

1107 33 1.000 ν2 (asymmetric Si-O-Si stretch) 

1013 8 0.006 2 x ν1 (first overtone band) 

515 8 0.260 ν1 (symmetric Si-O-Si stretch) 

 

Table 2.1. Infrared absorption bands from O impurity in silicon. FWHM = full width at half 

maxima. 

 

Asymmetrical and symmetrical stretching vibrations of Si-Oi-Si bonds are most dominant 

and easily identified in measured IR spectrum, if present. Literature example of oxygen impurity 

in CZ- and FZ-silicon is shown in Figure 2.5 (a) and compared to a measured example (Figure 2.5 

(b)) demonstrating differential Oi concentration in two otherwise identical Si wafers. Ratio of band 

intensities at 1107 cm-1 (9.06 mabs) and 515 cm-1 (2.29 mabs) were calculated as 0.253 with 

FWHM 31.82 cm-1 and 7.96 cm-1 respectively. Ultrapure FZ-Si peaks come from phonons, i.e., 
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quantum of lattice vibrations. Another important impurity in semiconductor-grade silicon is carbon 

which appear as characteristic Si-C stretching band at 607 cm-1 [24]. Unlike interstitial oxygen, 

carbon occupies substitutional sites in Si crystal structure but still imparts no effect on electrical 

performance of the semiconductor. 

 

 

Figure 2.5. (a) Absorbance of oxygen impurity in CZ- and FZ-silicon from literature and (b) in 

semiconductor-grade Si measured by current FTIR metrology [25].  

 

  Major advantages of MIR-IR spectroscopic analyses in IC fabrication include – (i) 

characterization of detailed chemical bonding information; (ii) not surface limited, ‘bottom-up’ 

probing approach; (iii) compatibility with advanced 3D-strutures (FinFET, 3D Interconnect etc.); 

(iv) no approximation or modelling required for data simulation; (v) quantitative measurements 

can be done with available standards; (vi) ambient (non-vacuum) conditions ideal for analyses of 

volatile/unstable samples. Potential IR metrology applications in IC fabrication for process and 

material developments are listed in Table 2.2. 
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Material Development Process Development 

a-Si, a-Si:H Hard mask erosion 

low-k and ultra low-k dielectrics FEOL & BEOL etching and clean 

SiNx etch stop post-etch residue clean formulation 

polysilicon, doped CZ-Si monitor and minimize plasma damage of low-k 

flowable low-k low-k recovery/repair/restoration 

photoresist optimize plasma etch/strip/clean integration 

titanium nitride deposition of films (ALD, CVD, LPCVD, PVD) 

hard mask (oxide, carbon etc.) chemical functionalization/modification of films 

doping, impurity, organics, contamination ion implantation 

self-assembly blocks extreme UV lithography 

graphene-based materials atomic layer etching 

 

Table 2.2. Potential applications of FTIR-assisted chemical bonding transformation mapping in 

IC fabrication process/material development. 

 

Room temperature vibrational spectra were collected by three FTIR spectrometers – Bruker 

Vertex70, Bruker Equinox 55 and Thermo Scientific Nicolet iS50 using corresponding data 

collection software - Opus (Bruker) and Omnic (Thermo). Data collection window was 400-4000 

cm-1 with 4 cm-1 spectral resolution. Both the optics chamber and sample chamber of spectrometers 

were kept under constant dry air (CO2 <1 ppm) purge to protect moisture-sensitive optical 

components and avoid moisture interference. All FTIR spectra reported in this thesis were 

averaged over 100 individual scans. Baseline corrections were performed when spectrum baseline 

deviated significantly from theoretical horizontal line due to scattering losses. Liquid N2-cooled 

narrow band mercury cadmium telluride (MCT) detector with highest sensitivity (D* > 4 x 1010 

cm Hz½ W-1) was found necessary for collecting higher S/N ratio spectra and therefore used over 
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a wide-band or mid-band compatriot for MIR-IR measurements. A thermal detector such as 

deuterated, L-alanine doped triglycine sulfate (DLaTGS) detector was used for transmission mode.  

Apodization function is a multiplication factor that is used on an interferogram to remove 

its side lobes before it is Fourier transformed. A good apodization function should bring down a 

peak smoothly to zero (baseline) without widening the peak; consequently changing actual 

resolution, which is a common side effect of apodization [1,26]. Although Happ-Genzel is often 

considered the best option for condensed phase samples, in the reported FTIR study, appropriate 

apodization functions were chosen based on the particular spectrometer manufacturer 

recommendation to achieve best quality spectra. Phase correction uses algorithms to ‘correct’ 

phases, that is, it corrects phase errors of a practical interferometer [1,27]. Mertz, Forman, de 

Haseth, Power Spectrum are the popular phase correction methods. 

2.3 X-ray Photoelectron Spectroscopy (XPS) 

Based on the photoelectric effect, XPS is a surface analysis tool widely used for 

determination of composition and electronic environments of elements [28-32]. The energy of a 

soft x-ray photons generated from monochromatic source (most commonly Al-Kα: 1486.7 eV, Mg-

Kα: 1253.6 eV and high energy sources such as Si-Kα: 1739.5 eV, Zr-Kα: 2042.4 eV, Ti-Kα: 4510.0 

eV) is transferred to bound inner shell electrons of surface atoms. If the energy of the incident 

photon (hν) is large enough, the core electron overcomes the combinative effect of binding energy 

(Ek) and work function (Ф) of the solid (induced by the analyzer) to leave with a photoelectron 

kinetic energy (Ek). Since the work function (~4-5 eV) is compensated artificially, characteristic 

binding energy of ejected photoelectrons can be traced back to parent atoms constituting the 

sample surface by the equation:  Eb = hν – Ek 
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Figure 2.6. Basic components of a monochromatic XPS system that collect and analyze photoel-

ejected core electrons from sample surface. 

 

The primary beam source, electron energy analyzer combined with detector and sample 

stage are contained in an ultra-high vacuum chamber, typically at 108-1010 torr [33]. A schematic 

illustration of basic instrumentation components is demonstrated in Figure 2.6. Crystal 

monocromator is used to reduce X-ray line width, remove satellite peaks and Bremsstrahlung 

continuum from XPS spectrum. Loss of primary beam intensity (up to 40% for Al-Kα radiation) 

by monochromator is compensated by a combination of hemispherical sector analyzer and 

multichannel detector system to achieve high energy resolution and sensitivity within reasonable 

acquisition time. Although penetration depth of primary X-ray is few microns, ejected 

photoelectrons can only travel nanometers of distance within the solid sample owing to its mean 

free path before being inelastically scattered. Therefore XPS is a surface characterization technique 
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with 5-10 nm sampling depth [34].  A depth profile can be achieved by physical sputtering of 

surface (destructive method) by high energy ions or angle resolved XPS set-up [35].  

For this dissertation work, XPS analyses were performed on a Physical Electronics (PHI) 

5000 VersaProbe Scanning XPS microprobe system equipped with a high flux Al Kα (1486.7 eV) 

radiation source providing a highly focused monochromatic X-ray beam (using a quartz crystal 

monochromator), high resolution 180 degree spherical capacitor energy analyzer and a  16 channel 

detector system. Sample charge was neutralized by a no-tune dual beam charge compensation 

system consisting a cool-cathode electron flood source and a very-low-energy ion argon sputter 

gun. Chamber pressure during analysis was less than 5 x 1010 torr (≤ 6.7 x 108 pa). Minimum X-

ray beam size (300 Lines/inch Cu grid) was less than 10 micron at 1.25 watts power. Surface 

cleaning and sputter depth profile (up to monolayer resolution) was performed by a differentially 

pumped Argon ion gun (100-5000 V) with regulated leak valve. XPS energy resolution of ≥ 1.00 

eV was achieved with kilo counts per second level elemental sensitivity. Five axis automated 

sample manipulator consisted of a motorized stage with X-Y translation (± 25 mm) with 

compucentric Zalar rotation and Z translation (20 mm) with 0-90 degree tilt. PC-SUMMIT 

software was used for automated digital control of the electronics. PHI-Multipak software was 

used for data reduction, interpretation and manipulation in real time and off line. 

2.4 Contact Angle 

Wetting behavior of a liquid on a solid surface can be represented by the contact angle (ϴ) 

between formed between the planes tangent to the solid and liquid surfaces at the wetting line [36].  

When the liquid is water, contact angle describes surface hydrophobicity. For example, a water 

drop on a hydrophilic surface such as plasma damaged low-k film will spread (acute contact angle) 
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and a water drop on a hydrophobic surface such as fluoropolymer film will remain as a discrete 

drop creating a ≥ 90 degree contact angle as shown in Figure 2.7. 

 

 

Figure 2.7. Comparison of liquid contact angles on hydrophobic and hydrophilic surfaces. 

 

Water contact angles were measured using a combination of manual ramé-hart precision 

goniometer and mountable Specwell monocular. Static sessile drop technique was employed to 

measure contact angle by placing a 50 microliter droplet of ultrapure water from a manually-

controlled micro-syringe on horizontal sample surface. Captured images were analyzed by 

software to manually calculate contact angles. For this dissertation, the average of three or more 

measurements is reported with ≤ +/- 3° measurement variability. 

2.5 Scanning Electron Microscopy (SEM) 

Scanning electron microscopes use electrons instead of light to form a largely magnified 

image [37]. A beam of electrons from an electron gun travels through electromagnetic fields and 

lenses to focus on sample under vacuum condition. Incident electron beam ejects x-rays, primary 

backscattered electrons and secondary electrons which are collected by the detectors and 

eventually transformed into the final image.  

Cross-sectional SEM images were collected using a Hitachi S-4800 Field Emission SEM. 

The samples were cleaved using a SELCA MC600 micro-cleaving tool with 1 micron resolution 
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and coated with iridium prior to SEM imaging. Most images were taken at the electron beam 

accelerating voltage of 5kV with 1.2 nm resolution.  For samples that were more sensitive to the 

beam damage, a lower 2kV was used. The cross-sectional images were utilized to determine 

thicknesses of conformal model fluoropolymer coatings (discussed in Chapter 3 and Chapter 4) by 

comparing before- and after-deposition trench images. An accuracy of ± 2 nm was achieved by 

reproducible measurements. 

2.6 Fluoropolymer Deposition 

Model fluorocarbon polymer films (MFP) mimicking real post-FC plasma etch residues 

were deposited on trench CDO patterns. Physical properties of low-k film deposited Si substrate 

were measured as: 10–30% porosity, <2 nm pore size and k-value <2.5. Trench patterns (90 nm 

line length) were patterned using a LAM Research 2300 Exelan etch platform. Proprietary trench 

etch process using a gas mixture of CH2F2 and CF4 was optimized to deposit minimal fluorocarbon 

polymer (etch residues). The wafers were cleaned with a dielectric-compatible solvent-based 

cleaning formulation afterwards. After cleaning, CHF3/C4F8/Ar plasma treatment was optimized 

to deposit conformal MFP films of variable thicknesses (6-28 nm) on CDO trench patterns with 

minimal dielectric etching. 

2.7 UV Irradiation and Wet Clean 

UV irradiation of the samples was performed using proprietary experimental hardware 

built by Tokyo Electron. A broadband light source (160-1100 nm wavelength) with specific filters 

to block UV emissions below 230 nm was used to irradiate samples in atmospheric conditions. A 

typical emission spectrum of the low-pressure mercury light source is shown in Figure 2.8.  
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Figure 2.8. Emission spectrum of low-pressure mercury light source measured in air shows major 

UV wavelengths. 

 

With the use of the filters, direct generation of ozone and atomic oxygen species in the 

processing ambient was substantially suppressed, confirmed by an EcoZone™ Model EZ-1 sensor 

with a lower detection limit of 0.02 ppm. After UV irradiation, the samples were subsequently 

cleaned at 60°C for 4 minutes in a proprietary cleaning solvent typically used in high volume 

manufacturing interconnect post-etch polymer removal. The cleaning solvent was designed to both 

remove post etch polymer and TiN hardmask. It is important to note that the wet cleaning alone 

was not able to remove the post etch polymer even for extended cleaning time of 10 minutes or 

longer. 

2.8 Chemicals 

Derivatization reagents used in Chapter 3 such as 2,4-dinitrophenylhydrazine (DNPH) and 

bromine was purchased from Sigma-Aldrich (St. Louis, MO). Sodium naphthalenide etching 
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solution C-Etch B was available from Creative Engineers (York, PA) as ~3 wt % solution in 

ethylene glycol dimethyl ether solvent. Chapter 4 chemical Nafion solution in isopropyl alcohol 

was obtained from Sigma-Aldrich. Amorphous fluoroplastic Teflon AF was obtained from Dupont 

(Wilmington, DE) as 1% resin (Tg 240 oC) solution in Fluorinert FC-40 solvent. Thin polymer 

films were individually spin coated on Si <100> substrate using Laurell manual spin processor. 

Ultrapure water (18.2 MΩ.cm, C content <2 ppb) generated from Mili-Q Integral 3 purification 

system (EMD Millipore) was used to prepare all aqueous solutions and wafer coupon rinse. All 

other acid, base and solvents used in this research work were purchased from Sigma-Aldrich in 

reagent grade and used without further purification. 
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CHAPTER 3 

CHARACTERIZATION OF MODEL FLUOROCARBON POLYMER 

 

3.1 Introduction 

Silicon based IC technology was introduced in 1954 by Texas Instruments in form of 

portable transistor radio. FEOL processing of integrated circuit includes fabrication from the 

transistor level to the first metal layer. Fabrication of remaining levels of metal wiring, which are 

necessary to connect transistors with gates, is termed as BEOL process [1-2]. Since 1970s plasma 

processes have been widely adapted in semiconductor manufacturing schemes. Plasma etching, a 

general term to describe removal of material from surface, has become an integral part of modern 

IC fabrication technology [3-14]. Etching requirements vary for different substrates but mostly 

include etch rate, selectivity, anisotropy, uniformity across whole wafer, surface roughness and 

process reproducibility for a particular application [8]. Low-pressure plasma etching processes can 

be loosely categorized into four basic processes based on type of indecent discharge combination: 

(i) sputtering – anisotropic material removal where ejection of surface atoms occur due to highly 

energetic ion bombardment; (ii) pure chemical etching –gas-phase neutral atoms or molecules used 

for isotropic material removal by producing volatile chemical reaction products; (iii) ion-enhanced 

energy-driven etching – highly anisotropic material removal by combinative effect of etchant and 

energetic ions, and (iv) ion-enhanced inhibitor etching: material removal by combination etchant, 

energetic ions and an inhibitor precursor where the latter is used to deposit protective polymer film 

to maintain anisotropy [8]. Fluorocarbon-based anisotropic plasma etching is a typical example of 

ion-enhanced inhibitor etching and preferred method for imaging patterns onto silica based low 

dielectric (low-k) materials during BEOL processing [15-19]. Fluoropolymer-based thin films are 
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deliberately deposited on via sidewalls during the plasma etching process which are necessary to 

etch anisotropically and control etch-profile [19]. However these polymeric sidewall and top 

surface residues must be removed to ensure no interference with subsequent silicidation and 

electrical contact formation [19-20]. However, fluoropolymer residues are chemically inert owing 

to the abundance of strong C-F bonds and therefore very difficult to remove using traditional 

chemistries without affecting other materials in the substrate stack. Current dry and wet cleaning 

methods lack compatibility with underlying layers and are therefore not practicable to exert device 

reliability for future technology nodes [19,21].  

Chemical composition and thickness of deposited polymeric residue depend on the plasma 

chemistry used during BEOL dual-damascene processing [22-26]. A better understanding of the 

functional groups present in etch residue should, in principle, guide to improved post-etch clean 

or formulate new cleaning strategies for etch residues without corroding ILD, other low-k 

dielectric materials, metal interconnect materials (copper, tungsten, titanium, ruthenium, cobalt, 

aluminum) and capping layers. No significant effort has been reported to systematically 

characterize the chemical structure of the post-plasma fluoropolymeric etch residues with 

functional group information to the best of our knowledge. In current effort, the chemical bonding 

structure of model fluorocarbon polymer (MFP) films deposited on manufacturing-relevant 

patterned CDO trench nanostructure was investigated using highly sensitive FTIR metrology 

enabled by precise background cancellation, assisted by XPS and SEM data [27-28]. Additive 

gases were added to the original fluorocarbon-based plasma recipe to study corresponding 

structural changes in resulting polymer films and etch profile. 
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3.2 Experimental 

Specific experimental conditions for trench pattern fabrication, conformal fluorocarbon 

film deposition and derivatization reactions are described elaborately in Section 2.5, Chapter 2. 

The following chemical derivation reactions were executed to verify functional groups present by 

monitoring chemical bonding transformations. After rinsing each of the samples with copious 

amount of ultrapure water and isopropyl alcohol followed by N2 blow dry, FTIR and XPS 

characterizations were performed. 

For C=O: One 6 cm x 1 cm wafer coupon of 28 nm MFP film deposited on 300 nm trench 

CDO pattern (630 nm pitch length) was immersed upright in a solution mixture of 10 mL isopropyl 

alcohol, 0.06 grams of solid DNPH and 3 drops of conc. hydrochloric acid in a 30 mL capped glass 

vial and heated at 70 oC water bath for 16 hours.  

For C=C: One 6 cm x 1 cm wafer coupon of 28 nm MFP film deposited on 300 nm trench 

CDO pattern (630 nm pitch length) was immersed upright in a 30 mL capped glass vial containing 

20 mL of bromine and heated at 50 oC water bath for 1 hour.  

For C-F: One 6 cm x 1 cm wafer coupon of 28 nm MFP film deposited on 300 nm trench 

CDO pattern (630 nm pitch length) was immersed upright in a 30 mL capped glass vial containing 

C-Etch B etchant at laboratory temperature for 10 – 310 seconds.  

MFP film chosen for current study closely resembled ‘real’ post-plasma etch residues. For 

verification, a fluorine-to-carbon ratio of 0.76 for MFP film calculated from XPS data (discussed 

later in this chapter) was found comparable with reported value of 0.71-0.82 for ‘real’ residues. 

Accurate thicknesses measurement of very thin films are challenging using regular microscopic 

imaging method. For this research, deposited polymer film thickness were calculated by careful 

overlay of before- and after-deposition cross-sectional SEM images with ± 2 nm precision. 
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Conformal fluorocarbon coating of thickness 6 nm and 28 nm were deposited on 300 nm trench 

CDO pattern of three pitch lengths – 180 nm, 270 nm and 630 nm fabricated on Si substrate. Figure 

3.1 compares the trench patterns of three pitch lengths prior and post 6 nm fluoropolymer film 

deposition.   

 

  

Figure 3.1. Cross-sectional images of ~6 nm conformal fluoropolymer deposition on CDO trench 

patterns of various pitch lengths.  

 

3.3 Results 

First part of the study involved identification of very thin fluoropolymer coating by FTIR. 

When films are very thin, traditional transmission FTIR measurements are extremely challenging 

due to the fact that short path length results weak signals. Highly sensitive FTIR metrology 
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developed in IEMR lab at UNT allows sub-5 nm thin film detectability enabled by precise 

background cancellation method. For example, 6 nm and 28 nm conformal MFP films deposited 

on CDO trench patterns identified by FTIR measurements are shown in Figure 3.2 along with 

polytetrafluoroethylene, a simple perfluorocarbon linear chain polymer. As expected, FTIR 

spectrum of polytetrafluoroethylene, consisting of repeating CF2 groups only, showed two major 

bands – asymmetric and symmetric stretching vibrations of CF2 groups. In comparison, MFP film 

spectra demonstrated relatively broader bands originating from multiple overlapping peaks. 

Spectral identification corresponding to different film thicknesses (6 nm vs. 28 nm) was possible 

based on differential absorption intensities.  

 

 

Figure 3.2. FTIR spectral comparison of polytetrafluoroethylene film with 6 nm and 28 nm MFP 

film deposited on 300 nm low-k trench pattern.  
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Multiple overlapping vibrational bands corresponding to MFP film compared to simple 

linear polytetrafluoroethylene spectrum strongly indicated a more disordered, asymmetrical 

bonding connectivity of the former.  The strongest absorption band, observed in the region 1050-

1500 cm-1 in Figure 3.2, contained multiple vibrational signatures. Less resolved symmetric and 

asymmetric stretching vibrations of CF2 group (1180 and 1230 cm-1 respectively) corresponding 

to broader MFP film spectra compared to that in polytetrafluoroethylene spectrum pointed to more 

complex non-linear structure consisting substantial branching. Internal CF3 groups hanging from 

main fluoropolymer chain as ‘pendant’ were found at 930 cm-1 and were evidence of branching 

linkage. CF2 deformations at 730 cm-1 indicated ‘amorphous’ nature of the film. Significant 

absorbance band at 1345-1365 cm-1 from terminal CF3 vibrations suggested lower molecular 

weight i.e., ‘oligomeric’ structure.  

 

Wavenumber (cm-1) Assignment 

730 ‘amorphous’ CF2 deformation 

930 internal CF3 (‘pendant’) 

1180 CF2 symmetric stretching 

1230 CF2 asymmetric stretching 

1325-1365 terminal CF3 

1671 >C=CF- 

1710 >C=O 

1717-1730 -FC=CF- 

1780-1800 F2C=CF- 

 

Table 3.1. Vibrational assignments of observed absorption band frequencies of MFP film. 
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The broad absorption band in the range 1530-1875 cm-1 consisted of unsaturated olefinic 

groups with various degrees of fluorination and carbonyl group. C=C stretching vibrational 

frequency blue shifts with increasing number of F-substituents due to electronegativity. Mono-, 

di- and tri-fluoro substituted alkenes such as –C=CF-, -FC=CF- and F2C=CF- demonstrate 

characteristic stretching vibrations at 1671 cm-1, 1717-1730 cm-1 and 1780-1800 cm-1 respectively. 

Band assignments to specific vibrational modes were verified with reported literature and are 

summarized in Table 3.1 [29-33].  

 

 

Figure 3.3. C 1s and F 1s core level XPS spectra of 6 nm and 28 nm MFP films. 

 

Presence of branching CF3, cross-linking CF and carbonyl groups in the repeating CF2 

backbone was also supported by C 1s and F 1s core level XPS spectra were shown for 6 nm and 

28 nm MFP films in Figure 3.3. C 1s spectra appeared as a broad band with multiple imbricated 

bands, both saturated and unsaturated carbons with different degrees of fluorination. Major F 1s 

band was recorded at 688.4 eV [34]. O 1s core level XPS spectrum showed single peak at 533.7 

eV from C=O group [35]. Surface sputtering experiment suggested C=O concentration mostly was 
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limited to top surface (data not shown). F/C ratio of 0.76 was calculated from deconvoluted C1s 

XPS spectra with appropriate sensitivity factor correction.  

Overlapping XPS bands made direct identification of specific functional groups 

impractical.  For example, three carbon-containing functionalities – C=O, CF and fluorinated C=C 

have C 1s peak centered at approximately 289 eV [36-39]. Theoretical isolation of overlapping 

bands is possible by deconvolution of broad bands but heavily depends on subjectivity of 

constituent peak parameters during peak fitting simulation. We pursued another approach for 

individual identification of specific functional groups – chemical derivatization method [40]. 

Bonding transformations before and after derivatization reaction were heedfully analyzed for 

accurate interpretation – mostly from FTIR data with aid from XPS measurements. In the 

following section, substantiation of each functional group by individual derivatization reactions is 

described in details followed by proposed schematic model structure of MFP film.  

Addition reactions to carbonyl groups via nucleophilic attack are very common [41]. 

However, approach to the electrophilic carbon center by a nucleophile is heavily steric-hindered. 

Additional activation of carbonyl electrophilicity combined with an angular nucleophilic attack at 

Bürgi-Dunitz trajectory is often required [42]. A particular use of nucleophilic addition reaction 

for identification of carbonyl groups in organic molecules is known as Brady’s test [43]. Brady’s 

reagent, 2,4-Dinitrophenylhydrazine (DNPH) adds across carbon-oxygen double bond via 

condensation reaction followed by loss of water to form bright orange/red precipitate. Aromatic 

ring with electron withdrawing nitro groups at ortho- and meta-positions act as electron sink and 

are required for extended electronic conjugations that give its distinct color. DNPH is a large 

nucleophile and therefore usually requires longer reaction time. Small amount of acid is added to 
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protonate carbonyl oxygen atom to increase carbonyl carbon electrophilicity. Acid also catalyzes 

elimination of water to form hydrazone adduct [44]. 

 

 

Figure 3.4. Schematic derivatization reaction (a) of carbonyl group by DNPH reagent and FTIR 

spectra (b) of as-deposited MFP film (in blue), DNPH-derivatized MFP film (in red), and 

differential (in black) showing chemical bonding transformations.    

 

Figure 3.4 displays DNPH chemical derivatization scheme and FTIR spectra of 28 nm as-

deposited MFP film, DNPH-derivatized MFP film and corresponding differential. Differential 

spectrum, calculated by subtracting IR spectrum of substrate (before derivatization) from the same 

of hydrazone adduct (after DNPH-derivatization), indicated removal of C=O and appearance of 

characteristic phenyl hydrazone absorptions of C=N, NO2, N-H, C=C (aromatic), C-H (aromatic). 

Figure 3.4 is an enlarged snapshot of the whole spectral range demonstrating major characteristic 
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bonding transmutations. The decreasing absorbance band at 1710 cm-1 belongs to C=O (ketone) 

stretching absorption. Emergence of strong 1619 cm-1 peak was assigned to C=N stretching 

frequency [45]. The bands at 1341 cm-1 and 1505 cm-1 were attributed to NO2 symmetric and 

asymmetric stretching vibrations respectively.  

 

 

Assignments 

Literature (NIST) (cm-1) Experimental (cm-1) 

C-H stretching (aromatic) 3000-3100 3108 

C-H wagging (aromatic) 795-880 870-910 

C-H scissoring (aromatic) 1000-1600 1000-1230 

Aromatic ring sextant out of 

plane deformation 

680-720 746 

NO2 stretching (sym) 1318-1357 1341 

NO2 stretching (asym) 1485-1555 1505 

C=C stretching (aromatic) 1500-1555 1510-1555 

N-H stretching 3300-3500 3314 

N-H bending 1580-1650 1596 

C=N stretching 1610-1680 1619 

 

Table 3.2. Vibrational assignments of observed absorption band frequencies in differential 

spectrum of DNPH-derivatized MFP film.  

 

Each absorption peak in full spectral range (400-4000 cm-1) was carefully inspected for 

finer spectral details to better explicate the overlapping bands (data not shown). Tentative 

assignments are proposed comparing with NIST Webbook FTIR database for acetone-

(dinitrophenyl) hydrazone (CAS registry number 1567-89-1). Observed frequencies of positive 

bands and suggested assignments are summarized in Table 3.2. Although observation of aromatic 

C=C stretching vibrations was made difficult by the later, relatively weaker absorptions were 

recognized at 1525 cm-1 and 1546 cm-1. Secondary amine stretching and bending vibrations were 
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noted at 3314 cm-1 and 1596 cm-1 respectively. Aryl C-H stretching frequency appeared as 3108 

cm-1 band. Nitro substituents on aromatic ring affect in-plane ring vibrations with substitutions in 

1050-1350 cm-1 region due to enhanced physical bulk, differential electronic environment and 

reduced mass. Aryl C-H wags and ring out-of-plane deformations (620-850 cm-1) also shifted to 

higher energy, commensurate to the mechanical coupling between C-H wagging and bending 

vibrations in nitro group. Multiplets in the 870-910 cm-1 and 1000-1230 cm-1 region were therefore 

anticipated as C-H wagging and C-H scissoring respectively. Sharp peak at 746 cm-1 may be 

caused by aromatic ‘ring pucker’. Ability to identify all vibrational features, each closely matching 

literature data, from the differential spectrum obtained via wet chemical reaction of a very thin 

film demonstrated the efficiency and sensitivity of the high resolution FTIR metrology used. 

 

 

Figure 3.5. C 1s and N 1s core level XPS data after DNPH derivation of 28 nm MFP film 

demonstrating chemical bonding environment changes.  
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Figure 3.5 displays significant reduction of C=O fraction in MFP film in the C 1s XPS 

spectrum after DNPH derivatization. Comparing before- and after-derivatization spectra, 

carbonyl contribution to the overall C 1s broad band can be identified. Noticeably, the location 

of band maxima had significantly shifted after removal of C=O bonds from the MFP film. 

Remaining band (red spectrum in Figure 3.5) after derivatization mostly consisted of fluoro-

substituted carbon matrix. Similarly N 1s core level XPS analyses demonstrated introduction of 

N atoms as imine and aromatic nitro groups originating from Brady’s reagent precursor.  

 

 

Figure 3.6. (a) Schematic derivatization reaction of alkene group by Br2 reagent and (b) XPS 

spectrum of bromine-derivatized MFP film demonstrating introduction of bromine atom.    

 

Bromine addition is often used as a qualitative test for identification of unsaturation in 

organic molecules [44]. Carbon-carbon double bonds are highly polarizable due to low π-bond 

energy and therefore extremely nucleophilic in nature. Bromine ([Ar] 4s23d104p5) is a good 

candidate to accept those loose π-electron in its empty 4d orbitals. An addition reaction initially 

forms three-membered bromonium ion [46]. Although three membered ring formation is 

energetically unfavorable, large size of bromine atoms helps relieve ring strain to some extent. 

Eventually a nucleophile attacks from back side to open up the ring forming a vicinal di-substituted 

addition product. The location of nucleophile attack is determined by relative steric-hindrance on 
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the two ring carbon atoms. In pure bromine solution, the only nucleophile is bromine ion resulting 

anti-addition of two bromine atoms across alkene bond removing the unsaturation. In aqueous 

bromine solution or when done in open air environment in presence of moisture, the nucleophile 

can be both bromide ion or water molecule as shown in Figure 3.6 (a). Introduction of bromine 

atom in bromine-derivatized MFP was easily identified by its characteristic 3d electron binding 

energy (71.2 eV) in the XPS spectrum in Figure 3.6 (b) [34].  

 

 

Figure 3.7. Comparison of C=C stretching, O-H stretching and C-F/C-O stretching bands in FTIR 

spectra of before treatment or as-deposited MFP film (in blue), Br2-treated MFP film (in red) and 

as differential (in black). 
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Loss of C=C unsaturation by bromine addition and appearance new bonds formed were 

manifested in Figure 3.7. Differential spectra revealed dip due to C=C removal and emergence of 

O-H bonds formed. Further peaks were observed in the lower wavenumber region. Addition of 

heavy bromine atom as well as –OH group across unsaturation altered the main C-F bonding 

network in MFP film. Modified C-F stretching frequencies (OH- and Br-substituted) were 

observed as multiple bands at ~1400 cm-1. New C-O bonds were found at ~1100 cm-1 [29]. 

Multiple peaks and overall broadness of bands in differential spectrum in Figure 3.7 indicated 

large asymmetry that was introduced by bromine addition due to random distribution of C=C 

bonds within the original cross-linked MFP microstructure.  

Fluorocarbon plasma precursors that generated conformal fluorocarbon coating on CDO 

trench structure ensure large population of C-F bonds within the deposited MFP film as verified 

by corresponding FTIR and XPS data. In line with chemical derivatization of afore-mentioned 

functional groups, we explored derivatization of extremely strong and chemically inert C-F bonds.   

The large bond energy of C-F bond is attributed to the highest electronegativity of fluorine 

atom and large C-F bond overlap integral due to excellent orbital size-matching. C-F bond 

dissociation therefore requires harsh conditions such as molten alkali metal or reactive 

chlorofluorocarbons [47]. Since a C-F bond possesses a low-lying σ* orbital, an electron transfer 

from a reducing agent would increase C-F bond order, i.e., activate the C-F bond at milder 

conditions with higher selectivity. Sodium naphthalenide (Na+C10H8
−) is an excellent source of 

free electrons [48]. Due to high reactivity, the reagent has short shelf-life and prepared freshly 

before use. An aprotic, non-hygroscopic solvent such as ether is used to dissolve organic 

naphthalene molecule first. Addition of sodium ([Ne]3s1) to the naphthalene solution transfers its 

low ionization potential 3s electron to naphthalene π* orbitals forming a radical anion. Highly 
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energetic naphthalenide radical anion readily transfers single electron to break C-F bonds 

generating a carbon radical and itself returns to ground napththalene state [49]. The radical is short-

lived and can undergo varieties of reactions such as dimerization with another radical, new π-bond 

formation with neighboring radical etc. Overall reductive defluorination of fluorocarbons results 

crosslinking C-C bonds and unsaturation. The reaction schemes are depicted in Figure 3.8.  

 

 

Figure 3.8. Reaction scheme of (a) formation of sodium naphthalenide radical anion pair and (b) 

stepwise mechanism of reductive defluorination of fluoropolymer network.  
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Figure 3.9 (a) compares FTIR spectra of 28 nm as-deposited (i.e., 0 sec) MFP residue after 

progressive reductive defluorination as seen by gradual decrease of CF2 symmetric and 

asymmetric stretching vibration bands at 1180 and 1230 cm-1 respectively. New bonds formed 

were better noticed in the differential spectra of the same in Figure 3.9 (b). Observation of 

increasing absorption band at ~1611 cm-1 was accounted to the alkene bonds (C=C) formed post 

reductive defluorination [50]. Increasing band at ~1393 cm-1 was attributed to sp2 C-H in-plane 

bending or scissoring vibration. Source of hydrogen atom was believed to be atmospheric 

moisture. 

 

Figure 3.9. FTIR spectra of 28 nm as-deposited MFP film and 10-310 seconds reductive 

defluorinated MFP film.  
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Based on the careful interpretation of FTIR and XPS data with aid from functional group 

derivatization reactions, a schematic bonding structure for the model fluorocarbon polymer film 

was proposed in figure 3.10. The model structure was aimed to connect various functional groups 

existing in a cross-linked and branched fluorocarbon backbone. Ability of elaborate bonding 

connectivity analysis of very thin films by the sensitive FTIR metrology led to the next part of the 

current research where effect of plasma chemistry modulation on resulting polymer film structure 

was studied. The goal was to functionalize or structurally modify the fluoropolymer film by 

modulating precursor plasma species to facilitate subsequent clean process. 

 

 

Figure 3.10. Schematic representation of bonding structure of model fluorocarbon polymer film. 

Various functional groups (in red) are embedded in a heavily cross-linked and branched 

fluorocarbon backbone consisting of repeating CF2 units (in blue). 

 

CxFy and F species (radicals, fragments etc.) are generated from precursor fluorocarbon 

plasma during BEOL pattern etching [5]. F species act as silicon etching agent by forming volatile 
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SiF4 product. CxFy radicals conflate to deposit fluoropolymer residues that maintain desired etch 

feature via anisotropy [8]. Kinetics of gas phase radical production and termination reactions is a 

major factor affecting relative densities of fragment species that control etching rate and etched 

profile. It is known that under fluorine poor conditions polymer deposition rate is higher [51-52]. 

Feedstock additives affect the radical concentrations and hence grow fluorocarbon films of 

variable thickness and yield different etching rate. For example, oxidant additive like oxygen act 

as radical scavenger that ‘burn’ CxFy species preventing their recombination with F atoms and 

suppress polymerization [53-57]. On the other hand, NF3 plasma is often used an inorganic 

fluorine-source to produce larger F-atom concentration (i.e., higher etch rate) than traditional 

fluorocarbon plasma [58-60]. Unlike CxFy radicals NF3 plasma does not produce thick polymer 

layer and is therefore particularly useful in single-wafer automated systems. Another advantage of 

NF3 over O2-based chemistry is avoidance of photoresist oxidation during silicon etching.  

Overall reduction in absorption band intensities were observed in Figure 3.11 (a) when 

additives such as NF3 and O2 were added to the original fluorocarbon plasma recipe. O2 is 

accounted to participate in gas phase radical extinction processes to decompose CxFy fragments 

that increase relative F radical density via the following ‘burning’ reactions [8]:  

 

CF3 + O      COF2 + F 

CF2 + O      CO + 2F 

                             COF + F 

                              COF2 

COF + O    CO2 + F 
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On the other hand, addition of NF3 to fluorocarbon plasma directly created F rich 

environment via homolytic N-F bond cleavage. Low fluoropolymer deposition was estimated to 

be caused by reduced CxFy radical density. This was engendered by oxidation of CxFy radicals in 

O2-added plasma and CxFy radical quenching by superfluous F radicals in NF3-added plasma. 

Reduction of ‘pendant’ CF3 bending vibration band (centered at ~930 cm-1) in both O2- and NF3-

added plasma conditions further supported CF3 radical extinction effect by the additives. 

Compared to ~50% reduction of CFx bands due to O2/NF3 additive introduction to fluorocarbon 

plasma precursors, unsaturated bonds were reduced by ~80%. Also a significant decrease of 

carbonyl peak in O2-added plasma compared to fluorocarbon only plasma condition in Figure 

3.11(a) suggested that additive oxygen molecule was not a direct precursor for carbonyl group in 

the resultant fluoropolymer film. 

 

Figure 3.11. FTIR spectra (a) and cross-sectional SEM image (b) comparison of 28 nm MFP film 

deposited via CHF3/C4F8/Ar plasma chemistry with added O2 and NF3 feedstock additives. 
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While formation mechanism of carbonyl bonding was not explored in the current study, it 

can be contemplated that the carbonyl moiety was created not during etching plasma environment, 

rather during post-etch work up procedure via oxygen passivation of etched surface. Further 

experiments are required to establish the conjecture. Higher etch rate from enhanced fluorine 

density in O2-added and NF3-added fluorocarbon etch plasma caused more isotropic etch profile 

as observed in cross-sectional SEM images in Figure 3.11 (b). Scarcity of polymer forming CxFy 

species result reduced passivation of CDO sidewalls leading to loss of etch directionality. 

 

Figure 3.12. C 1s core level XPS spectra of fluoropolymer coating deposited by CHF3/C4F8/NF3 

recipe (a), CHF3/C4F8/O2 recipe (b) and original CHF3/C4F8 recipe (c), and N 1s core level XPS 

spectrum (d) of fluoropolymer residue deposited by CHF3/C4F8/NF3 chemistry.  
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Figure 3.12 depicts C 1s core level XPS spectra of fluoropolymer film deposited by original 

CHF3/C4F8 recipe, CHF3/C4F8/O2 recipe and CHF3/C4F8/NF3 recipe. Fluorine to carbon ratio were 

calculated as 0.76, 0.81 and 0.82 respectively. Higher F/C content in the fluoropolymer layer are 

expected for both O2 and NF3 chemistry due to higher fluorine plasma density. Broad overlapping 

bands were observed for all three of them but with different relative intensities. For example, less 

carbonyl fraction were found when O2 and NF3 additives were added, consistent with the FTIR 

data. Individual peaks were deconvoluted via simulation and are shown in Figure 3.12 (a)-(c). 

About 4% atomic concentration of N was detected for NF3 recipe at 402 eV binding energy, shown 

in Figure 3.12 (d). Atomic % concentration of important elements such as carbon, fluorine and 

oxygen were calculated from integrated band area in XPS data. Carbon to fluorine to oxygen ratio 

in fluoropolymer films were determined as following: C : F : O concentrations in percentage unit 

– (52.65 : 35.94 : 10.85)  for CHF3/C4F8 recipe, (50.95 : 40.25 : 7.86) for  CHF3/C4F8/O2 recipe 

and (45.64 : 42.28 : 8.00) for CHF3/C4F8/NF3 recipe. 

     

Figure 3.13. Relative intensity plot of individual bonds present in fluoropolymer structure, 

calculated from C 1s area in percentage. 

C-C C-CF CF/C=O CF2 CF3
0

5

10

15

20

25

30

35

40

C
 1

s
 A

re
a

 (
%

)

 CHF
3
/C

4
F

8

 CHF
3
/C

4
F

8
+ O

2

 CHF
3
/C

4
F

8
+ NF

3



 59 

When C 1s integration area of individual XPS peaks were plotted, shown in Figure 3.13, 

further insight to the fluorocarbon polymer bonding structure were obtained. Three types of bonds 

were found very similar in concentration in all three recipes – C-C bonds, CF2 bonds and CF3 

bonds. To analyze relative CF/C=O concentration both types of bonds were analyzed separated.  

Previous XPS sputtering data indicated presence of carbonyl groups in original CHF3/C4F8 recipe 

only at the topmost sublayer, likely formed from post-plasma etching aerial oxidation. FTIR data 

also indicated that the former has more alkene bonds than +O2 and +NF3 polymers. Now CF 

fractions can be both sp2 and sp3 hybridized. CFsp2 could originating from –CF=CF2, -CF=CF- or 

–CF=C. On the other hand, CFsp3 is indicative of tertiary carbon, i.e., branching and/or 

crosslinking. C1s binding energy in carbonyl group also lies in the same range. Since FTIR data 

in Figure 3.11 indicated that CHF3/C4F8 chemistry polymer contains significantly more carbonyl, 

it can be argued that the +O2 and +NF3 chemistry polymers consist more branching and 

crosslinking than original recipe. This observation was verified by qualitative investigation of 

CF2/CF FTIR band ratio in Figure 3.11. Fluoropolymers with O2 and NF3 additives showed lower 

CF2/CF band ratio indicating higher degree of branching and crosslinking CF connections. 

 Similarly C-CF can be both C-CFsp2 and C-CFsp3. While C-CFsp3 is indicative of branching 

and/or crosslinking, C-CFsp2 originates from alkene functionality. As original MFP film polymer 

was shown to have significantly higher alkene content in Figure 3.11, +O2 and +NF3 polymers 

which have mostly C-CFsp3. Additionally, higher degree of crosslinking/branching in +O2 and 

+NF3 polymers is further substantiated by higher C-CFsp3 content. Point to note that C 1s binding 

energy in C-O-C ether linkage also lies in the same range as C-CF.  
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3.4 Summary 

In summary, FTIR metrology was demonstrated as an efficient technique to identify and 

characterize very thin films on blanket and patterned structures.  Thin model fluorocarbon polymer 

films deposited on manufacturing relevant nanostructured low-k trench patterns were characterized 

for the first time. Bonding structure of the conformal film characterized to have amorphous, 

heavily cross-linked fluoropolymer backbone decorated with sidechains and functional groups 

such as carbonyl, fluorinated olefins, each verified with specific derivatization reactions. For the 

first time, a bonding structure of the fluoropolymer film resembling real post-etch residues was 

proposed thereof with experimental evidence. Introduction of NF3 and O2 additives to the 

fluorocarbon feedstock plasma was found to influence resulting fluoropolymer film structure with 

clearly identifiable vibrational features, most noticeably less unsaturation and more crosslinked 

thinner polymer layer. The ability to manipulate chemical structure of the passivating polymer 

layer can provide a basis for formulating ‘gentle’ (less aggressive towards other films in stack 

especially fragile CDO) residue clean that targets specific active functional groups only. Presence 

of ‘targetable’ functional groups are important in otherwise inert fluorocarbon polymers for 

efficient clean and will be discussed in details in Chapter 4. It is also important to know degree of 

crosslinking in etch residues to fine balance etch process and subsequent cleaning efficiency. 

Simpler less-crosslinked fluoropolymers dissolve and swell at faster rates but offer less resistance 

to active etchants.  

To keep up with continuous device downscaling, new plasma etch recipe will be explored 

on existing and future dielectric materials resulting varieties of sidewall-protecting inhibitor films. 

A rapid characterization tool such as current FTIR metrology is particularly suitable for etch 

process development to introduce maximum number of chemically labile functionalities onto inert 
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fluorocarbon backbone with the ultimate goal of effective cleanability and minimum dielectric 

damage. 

  

3.5 References 

1) Shacham-Diamand, Y.; Osaka, T.; Datta, M.; Ohba, T. Advanced Nanoscale ULSI 

Interconnects: Fundamentals and Applications; Springer: New York, 2009. 

2) Baklanov, M. R.; Ho, P. S.; Zschech, E. Advanced Interconnects for ULSI Technology; 

John Wiley & Sons: Chichester, UK, 2012. 

3) Manos, D. M.; Flamm, D. L. Plasma Etching: An Introduction; Academic Press: San 

Diego, 1989. 

4) Fridman, A.; Kennedy, L. A. Plasma Physics and Engineering; CRC Press: Boca Raton, 

FL, 2011. 

5) Nojiri, K. Dry Etching Technology for Semiconductors; Springer: Heidelberg, 2014. 

6) Sugawara, M. Plasma Etching: Fundamentals and Applications; Oxford University Press: 

New York, 1998. 

7) Franssila, S. Introduction to Microfabrication; John Wiley & Sons: Chichester, UK, 2010.  

8) Lieberman, M. A.; Lichtenberg, A. J. Principles of Plasma Discharges and Materials 

Processing; Wiley: New York, 1999. 

9) Poulsen, R. G. J. Vac. Sci. Technol. 1977, 14, 266. 

10) Jansen, H.; Gardeniers, H.; de Boer, M.; Elwenspoek, M.; Fluitman, J. J. Micromech. 

Microeng. 1996, 6, 14. 



 62 

11) Armacost, M.; Hoh, P. D.; Wise, R.; Yan, W.; Brown, J. J.; Keller, J. H.; Kaplita, G. A.; 

Halle, S. D.; Muller, K. P.; Naeem, M. D.; Srinivasan, S.; Ng, H. Y.; Gutsche, M.; 

Gutmann, A.; Spuler, B. IBM J. Res. Dev. 1999, 43, 39. 

12) Cardinaud, C.; Peignon, M.-C.; Tessier, P.-Y. Appl. Surf. Sci. 2000, 164, 72. 

13) Rangelow, I. W. Vacuum 2001, 62, 279. 

14) Sekine, M. Appl. Surf. Sci. 2002, 192, 270. 

15) Coburn, J. W.; Winters, H. F. J. Vac. Sci. Technol. 1979, 16, 391. 

16) Coburn, J. W.; Winters, H. F. Ann. Rev. Mater. 1983, 13, 91. 

17) Flamm, D. L. Pure Appl. Chem. 1990, 62, 1709. 

18) Abe, H.; Yoneda, M.; Fujiwara, N. Jpn. J. Appl. Phys. 2008, 47, 1435. 

19) Baklanov, M.; Green, M.; Maex, K. Dielectric Films for Advanced Microelectronics; John 

Wiley & Sons: Chichester, UK, 2007. 

20) Ling, L.; Hua, X.; Zheng, L.; Oehrlein, G. S.; Hudson, E. A.; Jiang, P. J. Vac. Sci. Technol. 

B 2008, 26, 11. 

21) Reinhardt, K. A.; Reidy, R. F. Handbook for Cleaning for Semiconductor Manufacturing: 

Fundamentals and Applications; Scrivener: Salem, 2011. 

22) Samukawa, S.; Mukai, T. J. Vac. Sci. Technol. A 1999, 17, 2463. 

23) Xu, S.; Sun, Z.; Chen, A.; Qian, X.; Podlesnik, D. J. Vac. Sci. Technol. A 2001, 19, 871. 

24) Reid, I.; Hughes, G. Semicond. Sci. Technol. 2007, 22, 636. 

25) Tatsumi, T. Appl. Surf. Sci. 2007, 253, 6716. 

26) Cuddy, M. F.; Fisher, E. R. ACS Appl. Mater. Interf. 2012, 4, 1733. 

27) Mukherjee, T.; Rimal, S.; Koskey, S.; Chyan, O.; Singh, K. J.; Myers, A. M. ECS Solid-

State Lett. 2013, 2, N11. 



 63 

28) Rimal, S.; Mukherjee, T.; Goswami, A.; Ross, N.; Chyan, O. ECS Trans. 2015, 66, 1. 

29) Colthup, N. B.; Daley, L. H. Introduction to Infrared and Raman Spectroscopy; Academic 

Press: San Diego, 1990. 

30) Socrates, G. Infrared and Raman Characteristic Group Frequencies: Tables and Charts; 

John Wiley & Sons: Chichester, 2004. 

31) Liang, C. Y.; Krimm, S. J. Chem. Phys. 1956, 25, 563. 

32) Wright, A.; Burgess, W. R.; William, R.; Wilkus, E. V. US 3787382; 1974. 

33) Huang, K. P.; Lin, P.; Shih, H. C. J. Appl. Phys. 2004, 96, 354. 

34) Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. D. Handbook of X Ray 

Photoelectron Spectroscopy; Physical Electronics Inc.: Eden Prairie, 1995. 

35) Lopez, G. P.; Castner, D. G.; Ratner, B. D. Surf. Interface Anal. 1991, 17, 267. 

36) Clark, D. T.; Feast, W. J.; Kilcast, D.; Musgrave, W. K. R. J. Polym. Sci. 1973, 11, 389. 

37) Ginnard, C. R.; Riggs, W. M. Anal. Chem. 1972, 44, 1310. 

38) Vandencasteele, N.; Reniers, F. J. Electron Spectrosc. Relat. Phenom. 2010, 178–179, 394. 

39) Lei, Y.-G.; Ng, K.-M.; Weng, L.-T.; Chan, C.-M.; Li, L. Surf. Interface Anal. 2003, 35, 

852. 

40) Xing, Y.; Dementev, N.; Borguet, E. Curr. Opin. Solid State Mater. Sci. 2007, 11, 86. 

41) Carey, F. A.; and Sundberg, R. J. Advanced Organic Chemistry, Part A: Structure and 

Mechanisms; Springer: New York, 2008. 

42) Clayden, J.; Greeves, N.; Warren, S. Organic Chemistry; Oxford University Press: Oxford, 

2012. 

43) Brady, O. L.; Elsmie, C. V. Analyst 1926, 52, 77. 



 64 

44) Vogel, A. I.; Tatchell, A. R.; Furnis, B. S.; Hannaford, A. J.; Smith, P. W. G. Vogel’s 

Textbook of Practical Organic Chemistry; Longman Scientific and Technical: Essex, 1989. 

45) Jones, L. A.; Holmes, J. C.; Seligman, R. B. Anal. Chem. 1956, 28, 191. 

46) Graham Solomons T. W.; Fryhle, C. Organic Chemistry; John Wiley & Sons: Chichester, 

2009. 

47) Ebnesajjad, S. Fluoroplastics, Volume 1; William Andrew: Norwich, NY, 2014. 

48) Benderly, A. A. J. Appl. Polymer Sci. 1962, 6, 221. 

49) Garst, J. F. Acc. Chem. Res. 1971, 4, 400. 

50) Ha, K.; McClain, S.; Suib, S. L.; Garton, A. J. Adhesion 1991, 33, 169. 

51) Watanabe, H.; Shimogaki, Y. Jpn. J. Appl. Phys. 2006, 45, L463. 

52) Li, X.; Hua, X.; Ling, L.; Oehrlein, G. S.; Barela, M.; Anderson, H. M. J. Vac. Sci. Technol. 

A 2002, 20, 2052. 

53) Mogab, C. J.; Adams, A. C.; Flamm, D. L. J. Appl. Phys. 1978, 49, 3796. 

54) Plumb, C.; Ryan, K. R. Plasma Chem. Plasma Proc. 1986, 6, 205. 

55) Booth, J. P.; Hancock, G.; Perry, N. D. Appl. Phys. Lett. 1987, 50, 318. 

56) Dalvie, M.; Jensen, K. F. J. Vac. Sci. Technol. A 1990, 8, 1648. 

57) Takahashi, K.; Hori, M.; Goto, T. J. Vac. Sci. Technol. A 1996, 14, 2004. 

58) Golja, B.; Barkanic, J. A.; Hoff, A. Microelectr. J. 1985, 16, 5.  

59) Tasaka, A.; Watanabe, E.; Kai, T.; Shimizu, W.; Kanatani, T.; Inaba, M.; Tojo, T.; Tanaka, 

M.; Abe, T.; Ogumi, Z. J. Vac. Sci. Technol. A 2007, 25, 391. 

60) Meeks, E.; Larson, R. S.; Vosen, S. R.; Shon, J. W. J. Electrochem. Soc. 1997, 144, 357. 

 

 



 65 

CHAPTER 4 

UV-ASSISTED WET REMOVAL OF MODEL FLUOROCARBON POLYMER FILM 

 

4.1 Introduction 

For over 50 years, Moore’s empirical law has inspired a steady increase of total number of 

transistor units assembled in a given area of standard IC chips [1]. With continuous scaling, 

traditional aluminum metal was replaced by more conductive metal - copper and porous CDO low-

k dielectric materials supplanted conventional dense silicon oxide as the ILD to reduce RC time 

delay and cross-talk [2]. However, reduced Si-O-Si connectivity and increased porosity in new 

generation of dielectrics led to structural degradation, cracking and delamination during various 

chemically and mechanically demanding processing steps like curing, RIE, ashing/stripping, CMP, 

wire-bonding, chip dicing etc. [3]. For example, fluorocarbon-based anisotropic plasma etching is 

a typical method to image patterns onto organosilicate-based dielectrics BEOL processing [4]. To 

achieve anisotropic etching, accurate profile control and minimal dielectric damage, 

fluoropolymeric thin films are deliberately deposited on via sidewalls during the plasma etching 

process. These polymeric films must be selectively and completely removed to ensure no 

interference with subsequent silicidation and contact formation [5]. However, fluoropolymer 

residues are chemically inert and hence notoriously difficult to dissolve and/or remove using 

conventional semiconductor cleaning methods. Current practice for fluoropolymer removal 

typically involves a combination of dry photoresist strip followed by a wet clean method, both of 

which induce degradation of porous low-k dielectrics resulting carbon depletion, material 

densification, silanol formation and water absorption [6]. Dry methods involve use of H2, N2, O2, 

He, Ar plasma chemistry and wet methods usually include aqueous/semi-aqueous fluoride-based, 
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amine-solvent based or alkaline solution mixtures. However efficient residue removal without 

damaging (physical ‘lift-off’ or chemical modification) underlying layers remain a challenge for 

future technology nodes where dimension loss of etched features during clean process is 

unacceptable.  

As an alternative approach, dry pre-treatment step such as UV irradiation is a good 

candidate for structural modification of tough fluoropolymers for wet clean ease due to the 

following favorable factors: (i) wide range of irradiation energy can be selected using broadband 

sources with appropriate bandpass filters or UV laser sources, (ii) desired UV dosage and energy 

density at polymer surface can be adapted by adjusting source distance, and (iii) UV lamp source 

can be easily installed within current clean chamber configuration facilitating process integration. 

One has to be, however, extremely careful in selection of proper UV wavelength and dose to avoid 

damage to fragile low-k dielectrics. Recently, fluoropolymer film thickness reduction and fluorine 

loss from thick blanket fluoropolymer film were achieved during high UV dosage irradiation in 

oxygen-rich ambience which improved subsequent solvent cleaning efficiency although no 

mechanistic confirmation was provided [7-11].  

Identification of very thin films on nano-patterned structure after deposition, accurate 

characterization and eventual removal progress is rather difficult to accomplish using currently 

used optical, spectroscopic and microscopic analytical techniques. Research efforts to this end 

involved characterization of thick model fluoropolymers deposited on blanket substrate or 4 x 4 

cm2 checkerboard dielectric patterned structures. In the current research, sensitive FTIR metrology 

is utilized for rapid and efficient analytical tool for identification and bonding characterization and 

progressive removal of very thin fluoropolymer films with verification from XPS and SEM data. 

Modification and removal of model films deposited on nanoscale patterns mimicking real IC 
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structures were studied for the first time [12]. Effect of UV irradiation in air on the bonding 

structure of 28 nm fluoropolymer films were examined using a broadband light source with 

specific filters to block high energy lines (<230 nm). Collateral effect of UV photons on low-k 

material were addressed for future process development. A mechanistic hypotheses of UV-assisted 

bonding transformations within complex fluorocarbon polymer is also proposed with theoretical 

reasoning and control experiments.  

4.2 Experimental 

28 nm conformal model fluorocarbon polymer (MFP) film was deposited on trench low-k 

structures for current srudy. A broadband UV source was used to irradiate polymers in atmospheric 

conditions. Band pass filter was set up to filter out high energy UV photons. Subsequent semi-

aqueous wet clean was employed to completely remove polymer residues. Wafer coupons were 

characterized by FTIR, XPS and SEM techniques. Instrumentation parameters, experimental 

conditions and chemicals used are discussed in details in Chapter 2, Section 2.5 and Section 2.6.  

4.3 Results 

Firstly, effect of UVC light (≥ 230 nm) on ~28 nm model fluorocarbon polymer film 

deposited on 90 nm low-k trench structures were studied and corresponding transmission FTIR 

spectra are shown in Figure 4.1. Background (reference) spectrum was obtained from clean (free 

of polymer layer) low-k trench layer and was used to subtract from low-k trench + film sample 

spectrum. Top T-IR spectrum represents as-deposited (0 sec UV) MFP film. Vibrational 

assignment of individual bands originating from various functional groups present in 

fluoropolymer structure were discussed in detail in Chapter 3. 
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Figure 4.1. Transmission IR (T-IR) spectra of 28 nm as-deposited and progressively UV- treated 

MFP films measured with respect to trench patterned CDO background (i.e., substrate before MFP 

film deposition. as = asymmetric, s = symmetric, i = internal, t = terminal. 

 

The major absorption band (maxima at ~1233 cm-1) comprises of small shoulders on either 

side and are attributed to assorted saturated C-F functionalities - CF2 asymmetric stretching (1230 

cm-1), CF2 symmetric stretching (1180 cm-1), internal CF3 (930 cm-1), terminal CF3 (1340 cm-1) 

stretching modes [13]. Unsaturated bonds in fluoropolymer film overlap in the region 1500-1850 

cm-1 and includes regular alkenes (non-fluorinated, H- or C-substituted), fluorinated alkenes 

(FC=C, FC=CF, FC=CF2, C=CF2 etc.) and carbonyl (C=O) vibrations [14]. Progressive UV/air 

treatment (10-300 seconds) resulted steady decrease of CF2 band – both in terms of intensity and 
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width. Gradual decrease in CF2 peak intensity indicated reduced number of bonds, i.e., simply 

fluoropolymer ‘material loss’, or ‘mass removal’ with increasing UV irradiation. Narrower FTIR 

band pointed to less-crosslinking and more symmetry in polymer chain which may resulted from 

removal of CF2 fragments. On the other hand, new band appeared at ~1752 cm-1 after 10 sec UV/air 

exposure, which we assigned as α-fluoro-substituted carbonyl groups. Although regular carbonyl 

stretching vibrations are observed ~1720 cm-1, about 20 wavenumber blue shift is reported in 

literature for each α-fluoro-substitution on carbonyls due to electronegativity effect [15-16]. A 30-

40 cm-1 blue shift in carbonyl stretching vibration suggests that about two α-fluorine atoms are 

present at carbonyl group on both sides combined. UV-induced fluoropolymer material loss, 

formation of fluoro-substituted carbonyls are discussed in proposed mechanism in later part of this 

chapter.   

 

Figure 4.2. (a) Cross-sectional and (b) angled top view SEM images demostrating UV-induced 

material removal of deposited MFP film. 
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Cross-sectional and top-view SEM images in Figure 4.2 also supported progressive 

material loss during UV-irradiation. This is particularly helpful to characterize relative mass 

removal from trench top, sidewalls and bottom surfaces. Further confirmation of fluorocarbon 

material loss came from XPS measurements. Comparison of C1s core level XPS spectra of as-

deposited MFP film with selective UV-irradiated MFP film, in Figure 4.3, demonstrated gradual 

reduction of overall band intensities. 

 

 

Figure 4.3. C1s XPS spectra of as-deposited and selected UV-irradiated MFP film deposited on 

low-k trench structures.  

 

 Atomic percentage concentrations (derived from XPS measurements) of MFP film during 

progressive UV exposure are summarized in Table 4.1. It was found that carbon and fluorine atom 

concentrations steadily decreased with increasing UV exposure highlighting loss of CFx fractions, 

i.e., fluoropolymer material removal. Corresponding increase in silicon content designates that the 

fluorocarbon polymer layer got thinner after its partial removal and the under layer low-k was 
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exposed to the XPS penetration depth limit. The increase in atomic oxygen percent could be partly 

from its incorporation of oxygen from the reaction between singlet oxygen and the olefin groups 

(discussed later) and partly from the exposure of underlying low-k to the XPS penetration depth 

limit.  

 

UV-irradiation 

duration (sec) 

Average Atomic % (± variation) 

C 1s F 1s O 1s Si 2p 

0 (as-deposited) 57.9 (± 1.4) 27.3 (± 2.5) 11.8 (± 1.1) 2.0 (± 0.2) 

60  52.3 (± 2.2) 25.5 (± 1.1) 19.1 (± 0.9) 1.7 (± 0.3) 

180 38.0 (± 2.6) 25.5 (± 0.7) 26.6 (± 1.8) 7.7 (± 0.2) 

300 32.9 (± 2.7) 23.9 (± 3.2) 32.9 (± 4.1) 9.7 (± 2.0) 

 

Table 4.1. Comparison of atomic percentage concentration of MFP film before and after 

progressive UV/air irradiation. 

 

 Post-UV exposure, the samples were subsequently cleaned by a proprietary semi-aqueous 

cleaning solvent mixture closely mimicking industrial cleaning standards to learn the effect of UV 

pre-treatment on cleaning efficiency. Figure 4.4 shows differential IR spectra (each subtracted 

from as-deposited MFP spectrum) of UV-only and selected UV/wet-clean-treated MFP samples. 

The differential spectra were very helpful to identify chemical bonding transformations associated 

to each processing step and therefore optimize various process conditions such as identification 

point of complete fluoropolymer removal, limiting damage to underlying low-k material etc. 

Downward IR absorption bands represent bonds removed by UV and clean process and similarly 

positive IR peaks correspond to bonds generated during UV and clean process and/or queue time. 
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Figure 4.4. Differential T-IR spectra of selected UV-treated only and UV-treated + wet cleaned 

MFP films. 

 

In Figure 4.4, formation of α-fluorinated carbonyl groups were readily observed at ~1752 

cm-1 as seen in Figure 4.1 before. Significant polymer removal were observed in wet clean steps as 

increasingly negative CF2 asymmetric stretching band at 1242 cm-1 and accompanying unsaturation 

bands at 1500-1850 cm-1 characteristic to MFP film. However, concomitant damage to the 

underlying porous low-k structure in each step was observed as the three negative bands at 1024, 

1178, and 1276 cm-1, attributed to Si−O−Si network, Si−O−Si cage, and Si−CH3 bending 

vibrations, respectively. Similar effects were also reported during UV irradiation process of porous 

dielectrics (k ~2.0 as pristine) under high dose (15 J/cm2) and >100 Torr oxygen pressure [11]. 
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Such modification/degradation of low-k material is undesirable and above-mentioned 

characteristic IR signatures can be used to guide gentler process development.  

 

Figure 4.5. (a) IR spectral evidence of hydroxyl formation during UV exposure and (b) literature 

example of hydrate formation from reaction between fluorinated carbonyl and water [17]. 

 

Ease of wet clean of stubborn fluoropolymer film after UV/air irradiation could be 

attributed to several possibilities – disintegration of large polymer chain structure into smaller 

chain fragments and formation of hydrophilic groups within otherwise severely hydrophobic 
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fluoropolymer matrix that improve solvent dissolution. Figure 4.5 (a) demonstrates that 

formation of alcohol groups (C−OH) with stretching vibrations centered ~3200 cm-1 rendered 

UV-modified MFP more hydrophilic and therefore easier to wet-clean. Corresponding C-O-H 

bending vibrations at 1427 cm-1 were also observed in Figure 4.4 previously. Figure 4.5 (b) 

explains formation of hydrate adducts from reaction between active carbonyl centers in MFP 

structure and water molecules (moisture in air). Carbonyl carbon centers are inherently 

electrophilic in nature and adjacent electronegative F atoms in fluorocarbon polymer chain 

facilitate nucleophilic attack by water molecule. Similar effect on fluorinated ketones are well 

known in literature. For example, by replacing one of the methyl groups in acetone by CF3 

increases rate of hydrate formation by 103 times whereas hexafluoroacetone reacts with water 

109 times faster than acetone [17].  

 

Figure 4.6. Comparison of F 1s and C 1s XPS spectra of as-deposited MFP film (green solid line), 

after 300 sec UV/air (red dotted line), and after 300 sec UV/air + wet clean (blue dashed line) 

processes. 
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Partial fluorine removal after 300 sec UV/air treatment and total fluorine removal after 

300 s UV/air + wet clean were confirmed by the F 1s and diminishing CFx bands in C 1s core-

level XPS spectrum in Figure 4.6. Characteristic CFx components such as C- CF 286.4 eV, 

CF/C=O 289.2 eV, CF2 291.5 eV indicated extent and overall efficient of fluoropolymer removal 

[14]. Complete MFP removal after 300 sec UV/air + wet clean was also substantiated by 

corresponding C 1s XPS spectrum where a narrow methyl doping band (Si-CH3 groups in CDO) 

was found at 283 eV from to clean, fluoropolymer-free low-k surface .  

 

Figure 4.7. (a) Removal progress of model fluorocarbon film based on observed decrease in CF2 

stretching band at 1242 cm−1; (b) selected SEM images show differential cleaning rate across 

etched trench profile. 
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A quantitative assessment of UV-assisted material removal of MFP film can be done based 

on the gradually reducing CF2 asymmetric stretching band at ∼1242 cm-1 as shown in Figure 4.7 

(a). Selected top view and cross-sectional SEM images are shown in Figure 4.7 (b). Complete 

fluoropolymer film removal after 300 sec UV/air irradiation followed by wet clean was further 

supported by clean, vertical low-k trench profile with no observable residues. Interestingly, use of 

manufacturing relevant dielectric trench substrate reveals differential removal rate for the same 

fluorocarbon film deposited on horizontal top surface and vertical sidewall patterns. This is a 

significant observation for future process development.  

  

Figure 4.8. Proposed mechanism of UV-assisted photodegradation of fluoropolymer structure in 

presence of oxygen [12]. 

 

UV-assisted photodegradation of fluoropolymers were only achieved in oxygen ambience 

(air or pure O2 environment). Separate experiments involving UV-irradiation under vacuum 
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condition and N2 atmosphere did not result similar photodegradation effect [11]. To account for 

the bonding transformations occurred in fluoropolymer structure during UV/air exposure, a 

mechanistic possibility is proposed via detailed consideration of experimental evidence, reported 

literature examples and basic organic chemistry principles. Summarized in Figure 4.8, 

participation of chromophores in fluorocarbon polymer and atmospheric oxygen in presence of 

UV photons is discussed in the following section.  

First step of interaction between UVC ray and MFP film involves efficient absorption of 

UV photons by suitable ‘antenna’ among all the functional groups present in fluoropolymer 

structure - C-F, C-O, C-H, C=O, C=C etc. Photoexcitation of saturated bond electrons such as C-

F, C-O, C-H are energetically disfavored due to high energy σ  σ* and n  σ* electronic 

transitions [18]. For example, polytetrafluoroethylene is a perfluorinated hydrocarbon chain and 

only absorbs in far-UV region (<200 nm) with very low absorption coefficient; ~102 cm-1 mol-1 

[19]. On the other hand, unsaturated bonds such as carbonyl and olefin are known chromophores 

in photochemistry due to facile π  π* and n  π* electronic transitions. For example, lowest 

energy absorption bands of unconjugated monoalkenes and saturated ketones typically lie at 

<200 nm and >250 nm wavelength range respectively. Recently, C-O and C=C groups were 

suggested to play key role in UV-induced photosensitization process but no mechanistic 

evidence was presented [9]. Alternatively we propose UV-sensitization of carbonyl chromophore 

under applied UV wavelengths (>230 nm) for current set of experiments. The reactive excited 

state of alkyl ketone is usually an n-π* state. Singlet excited state formed initially can rapidly 

convert to triplet excited state via intersystem crossing (ISC) mechanism. Singlet and triplet 

excited states of a typical saturated ketone lie about 80-85 and 75-80 kcal/mol above its ground 

state energy level respectively [20]. Examples of alkyl and aryl ketones like acetone, 
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acetophenone, benzophenone, anthraquinone, biacetyl as triplet photosensitizer in chemical and 

biological reactions are well documented [18]. Moreover, carbonyls exhibit higher degree of 

spin-orbit coupling than alkenes and can therefore accomplish efficient singlet-to-triplet ISC 

[21]. In line with our suggestion, varieties of plasma-polymerized fluorocarbon films have been 

reported to absorb >230 nm wavelength rays owing to the active chromophores present [22-25].  

After absorption of UV photons via carbonyl antenna, excited state of fluoropolymer 

(MFP*) transfers its excess energy to ambient triplet state oxygen molecules (3O2). By this 

process, fluoropolymer returns to its ground state and singlet oxygen (1O2) species are generated. 

Energy gap between excited singlet oxygen state and ground triplet state is about 22.5 kcal/mol. 

Singlet oxygen is ~ 1 eV more oxidizing and therefore significantly more electrophilic than its 

ground state [26]. In addition, singlet oxygen is reported to live hundreds of microseconds in 

fluorocarbon systems before reacting or decay in solution phase. Radiative lifetime of excited 

1O2 state in gas phase is even longer - tens of minutes. In our study, fluorocarbon polymer matrix 

allowed sufficient lifetime of excited state 1O2 for sustainable bulk diffusion whereas 

nucleophilic alkene centers react with electrophilic 1O2 molecules. Additionally, fluorinated 

alkene π bonds are ~ 12 kcal/mol weaker than that of analogous unsubstituted alkenes and 

therefore further reactive towards addition/substitution reactions [27]. We suggest that 1O2 

participates in [2+2] cycloaddition reaction with π bonds of fluoro-substituted olefins to form 

1,2-dioxetane ring intermediate. Exact mechanism for dioxetane ring formation depends on the 

extent of charge transfer (from the HOMO of olefin to the LUMO of singlet oxygen) and relative 

molecular geometries attending it. Possible pathways include but are not limited to biradical 

mechanism, zwitter ionic mechanism, concerted [2s+2a] mechanism, exciplex mechanism. Four-

membered dioxetane ring contains high Baeyer ring strain and are only stable at low 
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temperatures. In final step, the strained dioxetane ring dissociates to form carbonyl products, 

detected by arisen 1752 cm-1 vibrational band in Figure 4.4. Formation of small volatile carbonyl 

fragments explains UV-induced material loss in MFP film. Since escaping carbonyl products 

also contain fluorinated carbon chains (1-4 carbons), gradual diminution of CFx band was also 

observed in the FTIR spectra of progressively UV-irradiated MFP films. Loss of side chains left 

fluoropolymer chain motif in a more ordered state as suggested by progressively narrower CF2 

(asym) stretching band width (Figure 4.1).  

 

Figure 4.9. Schematic representation of photodisintegration of large fluoropolymer chain to 

generate small volatile carbonyl fragments leading to UV-induced material loss. 

 

Driving force for dissociation of dioxetane ring comes from formation of stable C=O 

bonds (energy factor) and irreversible departure of gaseous carbonyl products (entropy factor). 

Theoretical possibilities for decomposition of dioxetane ring involves (i) [2π+2π] cycloreversion, 

(ii) biradicaloid intermediate or (iii) concerted ring opening mechanism. In effect, dioxetane 
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formation and subsequent dissociation led to dissection of long crosslinked fluoropolymer chain 

at where alkene groups were located in its structure, schematically represented in Figure 4.9. 

Resultant small carbonyl fragments are volatile at surface temperature (~60 oC) and thus UV-

induced material loss were observed. A schematic illustration of photo-induced disintegration of 

fluorocarbon polymer to form volatile carbonyls is demonstrated in Figure 4.9. 

Although the chemical bonding structure of MFP film suggested large number of C-F 

bonds, fragmentation via direct scission of strong C−F bonds (bond dissociation energy 115-130 

kcal/mol) is ruled out because of the low energy UV (λ ≥230 nm) used. Control experiments 

were performed on Nafion and Teflon AF thin films spin-coated on Si <100> substrate to 

establish specific mechanistic pathways to account for the observed chemical bonding 

transmutations. Nafion and Teflon fluoropolymers were chosen since they constitute saturated C-

F and C-O bonds and do not contain active carbonyl and alkene chromophores.  

 

Figure 4.10. IR spectral comparison of Nafion film and MFP film to demonstrate participation of 

active functional groups in UV-induced photodegradation of fluoropolymer structure.  
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Both Nafion (Figure 4.10) and Teflon (data not shown) films did not show reduction of 

CFx band similar to MFP films after the same 300 seconds of UV/air treatment. In addition, C-O 

bonding, as part of Nafion’s chemical structure, did not function as chromophore under current 

irradiation conditions (> 230 nm UV) which rules out its involvement to promote 

photodisintegration as suggested in previous reports [9]. 

Side reactions of singlet oxygens such as ene reaction were ruled out since no 

hydroperoxide (product of ene reaction) vibrational features were observed in our data, within 

the detection limit of FTIR. Alkene groups fluoropolymer structure are sterically crowded by 

high degrees of substitution and crosslinkings. Deviation of favored cis-orientation combined 

with possible lack of allylic H likely restrict singlet oxygen ene reaction.  

4.4 Summary 

In summary, FTIR metrology was demonstrated as an efficient technique to identify and 

characterize very thin films on blanket and patterned structures. Progressive material loss by 

fluorocarbon chain fragmentations and incorporation of O-containing hydrophilic functional 

groups in MFP structure were observed during UV/air treatment. A subsequent semiaqueous wet 

clean step further removed remaining UV-modified MFP residues resulting a clean trench 

profile. Essential involvement of unsaturated bonds such as carbonyls and olefins, instead of 

C−O bond scisson, in UV-assisted photodegradation process was revealed by dedicated control 

experiments. Synergistic effects of UV light and O2 molecule was projected as most plausible 

mechanistic pathway leading to modifications and corporeal loss of MFP mass. Although 300 

sec UV/air + wet clean removed MFP films completely, use of trench structure revealed higher 

removal efficiency from horizontal top surface compared to vertical sidewalls during early 

stages. Identifiable low-k damage indicated necessity for process optimization.  Overall the 
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sensitive FTIR metrology, backed by precise background subtraction method, was shown to be 

effective in monitoring chemical transformations in thin films, interfaces and bulk media, acting 

as an excellent tool for ILD-compatible process development. 
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CHAPTER 5 

LOW-K DAMAGE ASSESSMENT OF ETCH, STRIP AND CLEAN PROCESSES 

 

5.1 Introduction 

High-speed interconnects are utilized to link individual semiconductors in advanced chip 

technology. More than 90% of a ‘chip’ is comprised of interconnect levels including copper wiring 

and low-k dielectric material. Fabrication of a multi-level integrated circuit requires thousands of 

processing steps starting from bare silicon substrate before it is implemented in a marketable 

consumer product. These process conditions have to be compatible with all the existing materials 

present in substrate which pose critical impediment in process optimization. 

Chemically reactive plasma discharges are widely used in semiconductor processing [1-5]. 

Plasma-based patterning processes such as etching vias-trenches, deposition of diffusion barrier, 

deposition of dielectric masks onto low-k materials, removal (stripping) of photoresist, post-CMP 

cleaning and surface treatment of different materials (for improved surface adhesion) are 

indispensable to very large scale IC manufacturing [6]. Despite of its many advantageous uses in 

microelectronics fabrication, plasma environment consisting energetic ions, electron and highly 

reactive radicals can also damage the substrate in many occasions [7]. Meanwhile, conventional 

silicon dioxide (SiO2) dielectric material is substituted with a lower dielectric constant (i.e., lower 

capacitance) material with additional porosities to maintain continuous miniaturization of 

advanced ICs [8]. These porous low-k materials not only lack mechanical strength to withstand 

aggressive processing steps but also allow reactive plasma species and radiation to penetrate deep 

into low-k bulk and are therefore inherently sensitive to chemical and structural degradation [9]. 

Plasma induced damage to the low-k dielectrics results material densification, enhanced 
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hydrophilicity, moisture adsorption (kwater = 80) which add to raise the overall dielectric constant 

even beyond SiO2 (k ~ 4.2) and therefore impracticable for interconnect applications. Adsorbed 

water also results in higher leakage current and decreased device reliability [10].  

One of the major challenges of Cu/low-k technology integration is development of 

modified and often new patterning processes that are compatible to porous low-k materials. 

Dielectric damage caused by harsh plasma-based dual-damascene processes is the main culprit for 

lack of reliability and device failure [11]. Aggressive plasma processes such as etching and resist 

stripping are widely recognized as most detrimental to the interlayer dielectrics – especially 

oxygen-based plasma stripping processes. Degree of dielectric loss need to be evaluated after each 

plasma process step for optimized profile fabrication but with minimum damage. Current popular 

methods of dielectric characterization of blanket films suffer from individual limitations in terms 

of rapid process optimization application. For example, spectroscopic ellipsometry is an indirect 

method of dielectric constant estimation that requires structural approximation, simulation and 

modelling of best spectra fit [12]. Electrical characterization using metal-insulator-semiconductor 

(MIS) capacitor structure fabrication requires metal conducting layer formation and is therefore 

time-consuming and includes added dielectric damage from extra deposition step [13]. On-chip 

capacitance of a post-processed layer can be measured by comb-capacitor structure formation but 

requires additional processing steps such as copper backfill, CMP and post-CMP clean [14]. 

Measured electrical properties are inclusive of all steps in process scheme and precise damage 

evaluation from individual steps is exceedingly difficult. Therefore, there is pressing need for 

development of suitable characterization metrology that can be applied in a time-efficient manner 

after each processing step for effective process optimization to minimize plasma-induced dielectric 

damage. 
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In this chapter, process evaluation of plasma-induced damage in blanket and trench low-k 

materials utilizing highly sensitive MIR-IR metrology is discussed. In addition to the known 

qualitative analyses, a quantitative evaluation approach is discussed as routine process 

optimization application [7]. Specific project objectives, particular experimental conditions, 

significance of results obtained are discussed in following sections separately. 

 

5.2  Evaluation of plasma process-induced dielectric damage of low-k trench structures 

5.2.1 Experimental 

 In this section, MIR-IR metrology was used to assess plasma-induced dielectric damage in 

patterned low-k trench structures. Patterned 300 mm wafers were processed in a dual-frequency 

capacitively coupled plasma etch reactor. Process gases were intromitted into the chamber through 

a showerhead upper electrode.  Test structures were patterned over the surface of each wafer 

sample, dividing the wafer into rectangular die with 354 mm2 area.  Each die was patterned almost 

entirely (94%) with line-space structures having nominal spacing of 50 and 78 nm, respectively. 

The material stack is shown in Figure 5.1.  

 

Figure 5.1. Schematic illustration of multilayer stack. Dimensions not to scale.  
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Samples had no underlying structures or metallization.  The pattern was transferred through 

the oxide hard mask and roughly halfway into a 300 nm layer of porous low-dielectric constant 

material (k ~2.55, nominal: measured by Hg-probe) before analysis by IR spectroscopy.  Porosity 

and average pore diameter in as-deposited low-k layer were ~14% and <2 nm respectively, both 

measured by ellipsometric porosimetry. 

  Fluorocarbon-based etching process resulted ~68 nm wide, ~150 nm deep test trench 

structures with ~128 nm pitch length. Three wafer samples were processed, corresponding to (a) 

post-etch, in which some organic planarization layer (OPL) material remained and etch residue 

was left on the exposed surfaces, (b) post-strip, in which dielectric etch was followed by removal 

of the OPL and etch residues using oxidizing process chemistry, and (c) post-strip + 60 sec over-

strip, in which the same oxidizing strip conditions were continued for an additional 60 seconds.  

Monitoring of optical emission traces during the process suggest that the strip step was run ~35% 

beyond the initial clearing of OPL material, ensuring sufficient removal of OPL and etch residues. 

In a separate condition, blanket as-deposited low-k film (300 nm) was subject to oxidizing plasma 

process conditions (~30 W, 115 V, 0.1 torr O2) for progressive durations up to 640 seconds using 

a Harrick Plasma PDC-001 etcher. 

Each wafer sample was cut into 6 x 1 cm sized coupons and fabricated into attenuated total 

reflectance (ATR) parallelograms with 45° bevel angle for MIR-IR spectroscopic measurements. 

Quantitative evaluation of damage were obtained from FTIR studies and corroborated with XPS 

and SEM studies. Damaged low-k layer was removed by dilute HF (100:1) dipping for 30 seconds 

followed by 10 sec water rinse. SEM images before and after dHF decoration etch provided support 

for FTIR’s quantitative damage assessments.   
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5.2.2 Results 

Bottom spectrum in Figure 5.2 was obtained from traditional transmission-IR (T-IR) 

measurements of 300 nm as-deposited pristine low-k blanket film, represented by a dotted red line 

as ‘T-IR, 0 sec’. On the other hand, MIR-IR spectrum of the same (solid red line as ‘MIR-IR, 0 

sec’) was shown to generate much stronger signals due to multiple internal reflections. For 

example, peak intensity of asymmetric stretching of CH3 groups in MIR-IR measurements (178 

mabs) were ~20 times higher than that in T-IR measurements (9 mabs).  

 

Figure 5.2. Damage evaluation of 300 nm blanket low-k film exposed to progressive O2-plasma 

condition by MIR-IR metrology. High sensitivity of MIR-IR mode compared to conventional T-

IR mode (dotted line) is shown in inset by miliabsorbance (mabs) scale. 

 

Closer look at the MIR-IR spectra of progressively O2 plasma-damaged low-k film 

revealed critical bonding transformations occurring. Pristine dielectric film consists of siloxane 
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chain Si-O bonds that are mostly terminated by less polarizable –CH3 groups but also sometimes 

by -OH or –H functionalities. Formation of unsaturated bonds such as C=O and C=C are also 

common during deposition or curing of low-k layers. Significant increase in silanol (SiOH) content 

and corresponding decrease in CH3 (as) band were observed with longer O2 plasma exposure in 

Figure 5.2. 

Weak Si-C bonds were broken by strongly oxidizing plasma and hydrophilic SiOH bonds 

were generated in presence of water molecules in atmospheric conditions. Fundamental stretching 

vibrations of O-H bond are diverse, broad and overlapping mainly due to various states and degrees 

of intramolecular (between neighboring Si-OH) and intermolecular (with physisorbed water) 

hydrogen bonds. These H-bonding interactions are inhomogeneous in nature causing red shift and 

heterogeneous broadening of the band.  A typical broad absorption band consist of surface free 

(‘isolated’) silanol (3747 cm-1), terminal silanol (3715 cm-1), internal (‘intraglobular’) silanol 

(3650 cm-1), surface H-bonded (‘bound’) silanol (3550 cm-1), H-bonding acceptor silanols to 

adsorbed water (3520 cm-1), physisorbed water molecules (<3500 cm-1), geminal and vicinal 

silanol, anti- and gauche-silanols [16]. In different samples, these absorption bands shift and 

broaden due to inhomogeneous H-bonding distribution on surface and within bulk. The SiOH 

bonds can absorb moisture resulting poor electrical properties and device failure. Physisorbed 

water molecules are most damaging to the dielectric behavior of low-k material according to a 

recent theoretical study [17].  

Although transmission mode produces weaker signals compared to MIR-IR measurements, 

T-IR spectra are invaluable in analyses of low energy end of IR spectroscopy, illustrated in Figure 

5.3. Both the siloxane matrix and C-doping can be observed as Si-O-Si stretching and Si-CH3 

bending vibrations. 
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Figure 5.3. T-IR spectra of 300 nm pristine blanket low-k layer and after progressive O2 plasma 

exposure.  

 

 The broad absorption band in 1000-1250 cm-1 originates from Si-O-Si asymmetric 

stretching vibrations and can be deconvoluted into three peaks centered at 1135 cm-1 (oxide cage 

structure, Si-O-Si bond angle ~150o), 1063 cm-1 (oxide network structure, Si-O-Si bond angle 

~144o) and 1023 cm-1 (networked suboxide structure, Si-O-Si bond angle <144o) [18]. 

Additionally contributions from C-O-C and Si-O-C asymmetric stretching vibrations would 

overlap with the broad band of Si-O-Si stretching. A steady decease of Si-CH3 bending band at 

1276 cm-1, CH3 deformation band at 1408 cm-1 and Si-CH3 rocking bands centered at ~800 cm-1 

were consistent with MIR-IR observations of carbon depletion by O2 plasma. Both carbonyl and 

alkene signatures were relatively much weaker in T-IR spectra but closer observation revealed 



 92 

C=O increase with increasing plasma exposure. Introduction of large number of silanol groups by 

oxidizing plasma was supported by gradual rise of Si-OH stretching band at ~940 cm-1 location.  

MIR-IR and T-IR observations can be summarized in Figure 5.4 to show a trend in 

chemical bonding transformations in organosilicate-based low-k film induced by O2 plasma. In 

general, Si-C connections were broken by O plasma species and new SiOH and C=O bonds were 

generated resulting enhanced hydrophilicity. 

 

Figure 5.4. Chemical bonding transformation trend in low-k film structure according to MIR-IR 

(solid lines) and T-IR (dotted line) absorption band heights. 

 

 Further confirmation of carbon depletion were obtained by XPS analyses. Figure 5.5 (a) 

demonstrates C 1s XPS spectra of pristine and selected O2-plasma exposed blanket low-k film. 

Pristine as-deposited dielectric film showed major peak as Si-CH3 component at 283.4 eV [19-20]. 

A gradual decrease in Si-CH3 band was consistent with FTIR observation of progressive CH3 loss. 
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It is important to note that C 1s XPS band was broad and consisted of different overlapping peaks. 

A direct conclusion about relative change of individual peaks by O2 plasma could not be made 

without deconvolution. Figure 5.5 (b) shows an example of simulated deconvolution of C 1s band 

of pristine low-k film. Evidently MIR-IR spectra not only provided better resolved, distinct 

vibrational signatures that were easy to distinguish and interpret but also provided direct chemical 

bonding transformations occurring in presence of O2 plasma which was otherwise difficult to 

obtain.  

 

Figure 5.5. (a) C 1s XPS spectra of pristine and selected O2-plasma exposed blanket low-k film, 

(b) Deconvolution of overlapping C 1s peak of pristine blanket low-k film into three major 

constituent peaks.  

 

Fabrication of ATR waveguide directly from a test wafer enables sidewall and bottom 

damage characterization in otherwise difficult of nano-patterned trench structures. Figure 5.6 

demonstrates MIR-IR and T-IR spectra of pristine blanket low-k film and trench patterned 

structures (68 nm width, 128 nm pitch length) after etching step (post-etch), after stripping step 
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(post-strip) and after additional stripping step (post-strip + 60 sec over-strip) all in sequence. 

Proper multiplication factor was used to normalize the MIR-IR spectra considering the material 

removed by trench etch step (see discussion in later section). Therefore all spectra in Figure 5.6 

represent chemical bonding concentration present in approximately same vertical thickness.   

 

Figure 5.6. (a) Normalized MIR-IR spectra and T-IR spectra of pristine blanket (I), post-etch (II), 

post-strip (III) and post-strip + 60 sec over-strip low-k trench structures. 

 

Pristine low-k film consisted small amount of SiOH bonds as-deposited. A gradual increase 

in SiOH peak intensity in 3150-3850 cm-1 was observed as etching and stripping sequence 

progressed. The broad O-H frequency range showed maxima ~3430 cm-1 which was used to 

measure peak heights from a common baseline for relative quantification of plasma-induced 

damage. From Figure 5.6 (a) it can be clearly seen that extra 60 sec stripping process using 

oxidizing plasma was most harmful to low-k structure and introduced ~82% more SiOH groups to 

already post-strip low-k trench pattern. In general oxidizing stripping process was demonstrated to 
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be relatively more damaging to the fragile interlayer dielectrics compared to fluorocarbon-based 

reactive ion etching step. This is partly due deposition of thin fluoropolymer film on trench 

sidewalls during etching step to protect from F etchant species and achieve anisotropic profile 

directionality [6]. By manipulating F/C ratio in FC plasma precursors deposited fluoropolymer 

film thickness, etched- profile features can be controlled with minimum dielectric degradation. 

These fluoropolymer protective layers, known as post-plasma etch residues, are usually very thin 

and carry multiple FTIR signatures such as C-F, C=O, C=C etc. [21]. Detailed bonding structure 

characterization of similar fluorocarbon polymers have already been discussed previously in 

Chapter 3. Correspondingly etch-residue vibrational features in current test structures were 

observed in T-IR spectra of post-etch sample in Figure 5.6 (b) as a broad band in 1530-1850 cm-1 

region representing imbrication of stretching vibrations of carbonyl and alkenes with different 

degrees of fluorination such as FC=C, FC=CF, C=CF2 etc. [22]. Oxidizing plasma chemistry used 

in photoresist stripping step removed most of the etch residues as observed from reduced 

vibrational bands in 1530-1850 cm-1 region. A substantial increase at 1720 cm-1 after 60 sec over-

strip process was assigned to C=O stretching frequency. Enhanced carbonyl was believed to be in 

accordance introduction of oxygen atoms into low-k framework in general as silanol increase 

(3430 cm-1) in other case due to continued O2 plasma treatment.  

Presence of carbonyls were verified and compared via functional group specific 

derivatization using 2,4-dinitrophenyl hydrazine (DNPH) reagent, previously described in Chapter 

3. Formation of a hydrazone adducts by a reaction (Figure 5.7 inset) between electrophilic carbonyl 

group and nucleophilic DNPH molecule confirmed C=O functionality [23]. Comparison of C=O 

reduction in the differential spectra in Figure 5.7 revealed higher carbonyl content in post-strip + 

60 sec over-strip low-k structure compared to post-etch only low-k structure. Other than C=O band 
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decrease and appearance of imine (C=N) band at 1618 cm-1, characteristic bonding signatures in 

hydrazone adduct from substituted aromatic group were identified as following: N-H bending 

(1594 cm-1), aromatic C=C stretching (1510-1555 cm-1), NO2 asymmetric stretching (1503 cm-1), 

NO2 symmetric stretching (1339 cm-1), aromatic C-H scissoring (1020-1250 cm-1), aromatic C-H 

wagging (831 cm-1), and aromatic ring ‘puckering’ (740 cm-1) bands [24-27]. 

 

Figure 5.7. Differential spectra (post-DNPH treatment vs. before reaction) of post-etch sample 

and post-strip + 60 sec over-strip sample after DNPH derivatization at 70 oC.  

 

Core level XPS measurements were performed to support FTIR observations as depicted 

in Figure 5.8. Firstly C 1s spectrum of post-etch coupons substantiated presence of etch-residues 

on trench low-k profile. Various oxygen and fluorine substituted carbon atom environments were 

observed as characteristic C-C/C-H (284.2 eV), C-O/C-CF (285.2 eV), C=O/FC-CF (288.2 eV), 
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CF2 (290.8 eV) and CF3 (292.4 eV) fractions overlapping together to generate a broad band [22]. 

In O 1s spectral analyses, a large increase of major O-Si band (532.8 eV) was witnessed [27]. 

These oxygen atoms belong to low-k siloxane motif. An increase in signal after etch residue layer 

removal was from a combination of deeper incident X-ray penetration into organosilicate bulk that 

knocked off larger number of O core electrons and efficient escape of photo-ejected eletrons in 

absence of an extra layer (etch residue) enhancing detector count. A smaller C=O band in O 1s 

spectra was likely overshadowed by relatively intense O-Si band. Efficient removal of 

fluoropolymer-type post-etch residues were verified by large drop of characteristic F 1s signal 

(CFx, 688.5 eV) from post-etch surface compared to subsequent stripping steps [28].  

 

 

Figure 5.8. XPS core level spectra of carbon, oxygen and fluorine atoms in post-etch, post-strip 

and post-strip + 60 sec over-strip wafers.   

 

Overall success of dual damascene patterning processes not only lies in fabrication of 

desired layers and profile but also retention and sustainability of all physical properties thereof. 

Electrical degradation of fragile low-k layer during RIE pattern transfer has particularly been 

challenging for device reliability [29]. Fast, reliable damage characterization dictates efficient 

process optimization and integration in production line. SEM imaging is heavily employed in 

current practice. However, as a microscopic imaging tool, regular SEM metrology is not able to 
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differentiate between samples with different inner (bulk) chemical compositions but with similar 

surface topography. For example, during O2 plasma treatment, energetic plasma penetrates deep 

into porous bulk stripping methyl groups but may not change overall surface dimensions (trench 

depth, width etc.) to the detection limit of SEM microscopes. On the other hand. FTIR 

spectroscopy provides direct chemical bonding information and duly complement SEM technique 

in reliable quantitative dielectric damage analyses as shown in Figure 5.9.  

 

 

Figure 5.9. (a) SiOH and Si-CH3 peak height plot of post-strip + 60 sec over-strip sample dipped 

in dilute HF solution, (b) cross-sectional SEM images of selected post-processed trench structures 

before and after dHF decoration, and (c) quantitative evaluation of additional dielectric damage by 

+ 60 sec over-strip step by comparing SEM (trench width and depth) and MIR-IR (SiOH peak 

height) data. 

 

HF decoration etch is often utilized to assess dielectric damage in a post-processed ILD 

trench structure [30]. Damaged layer is assumed to be near surface and relatively hydrophilic. 

Cross sectional SEM images after preferential de-lamination of damaged layer by HF is compared 

with the SEM images from before-treatment to evaluate process-induced damage. However 

extreme physical and chemical hazard of HF, low sensitivity and poor reproducibility limit its 

application in sub-micron technology node as a reliable metrology. Gradual decrease of SiOH and 

SiCH3 bonds were observed as a result of direct material removal when post-strip + 60 sec over-
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strip coupon was dipped in 0.49% dHF solution for progressive durations. In Figure 5.9 (a) 

absolute peak intensities of SiOH stretching (3430 cm-1) band and SiCH3 bending (1276 cm-1) 

band, measured in MIR-IR and T-IR mode respectively, are plotted. According to the cross-

sectional images in Figure 5.9 (b) post-strip trench structure lost ~6 nm (trench depth 158 nm 

before and 164 nm after) and ~5 nm (sidewall width at mid-depth 66 nm before and 71 nm after) 

dimensions from trench bottom and sidewalls respectively due to HF decoration etch. Additional 

60 sec over-strip induced more dielectric degradation especially to the trench sidewalls as surface 

densification at trench bottom by ion bombardment is known to somewhat prohibit reactive plasma 

species entry into the porous dielectric bulk. Trench depth changed from 165 nm to 177 nm by 

additional 60 sec over-strip process while sidewall dimensions were much more significantly 

altered all across the trench depth.   

One of the main factors in quantitative interpretation of observed FTIR peak intensities is 

accounting for the material lost. A RIE etch process removes organosilicate low-k material as 

volatile SiF4, CO2, CO, COF2 to create a trench structure. A direct comparison of etched structure 

with pristine blanket film is therefore not feasible and requires a normalization factor. Si-CH3 

bending vibration band (1276 cm-1) was chosen as reference for peak normalization in current case 

due to two favorable factors – (i) large signal (less quantification error) and (ii) no environment 

effect (moisture absorption etc.). T-IR spectrum of pristine blanket low-k film showed ~198 mabs 

Si-CH3 band compared to ~151 mabs tall the same for post-etch low-k structures. A normalization 

factor of 0.76 (151/198 = 0.76) was used to represent an idealized trench feature equivalent to 

blanket (no plasma damage). Point to note that is the ratio of volume of ILD of post-etch and 

blanket (before etch) film can be calculated as 0.77 which is extremely close to FTIR normalization 

factor of 0.76 for blanket to trench structure interconversion.  
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It has already been pointed out in this chapter that SiOH formation at the expense of Si-

CH3 bonds within organosilicate dielectric layer is very common during aggressive plasma 

processing. Therefore SiOH peak heights can be utilized for quantitative plasma-induced damage 

evaluation when corresponding spectra are collected by precise background contribution 

subtraction as in Figure 5.6. SiOH stretching band intensities calculated from the scaled MIR-IR 

spectra (Figure 5.6 (a)) of pristine low-k, post-etch, post-strip and post-strip + 60 sec over-strip 

low-k structures were 13, 16, 24, and 43 mabs respectively. An absolute 23%, 85 % and 230% 

increase in silanol content in sequential etch, strip and over-strip processes strongly indicated 

towards further process optimization requirement for improved low-k compatibility.   

Another important factor in silanol quantification is the change in low-k surface coverage 

by trench pattern fabrication from a blanket film. Plasma-induced dielectric damage is directly 

proportional to the exposed surface area. Test post-etch pattern structures used in current study 

had >80% of its exposed surface area as sidewalls shown in Figure 5.9 (b). A weighted average of 

trench sidewalls and bottom surfaces from SEM cross-section image of post-strip + 60 sec over-

strip sample before and after dHF decoration etch revealed ~180% additional dielectric damage 

added to post-strip low-k material. A very similar result was (~170%) obtained from MIR-IR 

comparison of post-strip and additional 60 sec over-strip process. Overall MIR-IR metrology was 

shown capable of fast, quantitative characterization tool for optimized and ‘gentler’ process 

development that render minimum dielectric degradation. A couple of examples of MIR-IR-

directed process optimization are discussed in the following sections. 
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5.3 Development and Optimization of Various Strip Processes by MIR-IR metrology 

5.3.1 Experimental 

 O2-based plasma stripping processes are used to remove organic photoresist layer by 

oxidation mechanism or ‘ashing’ [10]. Fluoropolymer post-plasma etch residues are also largely 

reduced by dry plasma strip before complete removal by subsequent wet clean. For next series of 

process development, MIR-IR metrology was utilized for efficient stripping procedure 

optimization. Four oxidative plasma based strip processes were screened for efficiency by either 

adjusting process gases or by modulating chamber pressure for reduced oxygen radical 

concentration. Some of these adjustments limit the strip rate, and total process time was increased 

to achieve similar patterned profile. Four strip processes were anonymously labelled as Strip 

Condition A-D. Multilayer stack and lithography scheme for pattern transfer were similar to that 

described in section 5.2.1. Each wafer sample was cut into 6 x 1 cm sized coupons and fabricated 

into attenuated total ATR parallelograms with 45° bevel angle for MIR-IR spectroscopic 

measurements. Cross-sectional SEM images were collected to ensure PR stripping efficiency. All 

four strip conditions resulted trench structures of similar critical dimension after PR removal but 

the one with minimum dielectric degradation is most desirable for damascene application. 

5.3.2 Results 

 T-IR and MIR-IR spectra were individually collected in respective spectral windows and 

put together in Figure 5.10 demonstrating representative ILD spectrum after strip condition A 

subtracted from remaining stack substrate. Cross-section SEM image (inset) visually confirmed 

complete PR removal from low-k trench structure. 
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Figure 5.10. ILD spectrum representative of strip condition A demonstrating detailed chemical 

bonding configurations. Cross-sectional image in inset.  

 

Major chemical bonds observed in MIR-IR part was broad H-bonded O-H stretching band 

from silanol groups present in low-k material. CH3 asymmetric stretching band originated from 

carbon doping in ILD material and methyl groups. H-terminations of dangling Si centers were 

found as Si-H stretching vibrations in OSix and SiHx groups. In T-IR spectral section Si-O-Si 

asymmetric stretching band consisting network, cage and possibly suboxide configurations. Si-

CH3 bend at 1276 cm-1 represented remaining C-doping in plasma-damaged ILD layer. Very small 

amount of etch-residues can be noticed by the characteristic band in 1500-1800 cm-1 region. It is 

worth noting that these are consisted of functional groups such as fluorinated alkenes and 

carbonyls only. Anticipated major CFx stretching band (~1235 cm-1) from fluoropolymer chain 

was buried in broad siloxane band and could not be distinguished directly as collected.  
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Figure 5.11. Dielectric damage analyses of strip conditions A-D by MIR-IR characterization. 

Relative low-k degradation trend shown in inset. 

 

MIR-IR characterization revealed relative trend of dielectric degradation induced by four 

oxidizing strip conditions A-D. The SiOH peak intensity were measured at 3430 cm-1 from a 

common baseline and compared to find most low-k compatible strip process. Representative MIR-

IR spectra of damaged ILD after strip conditions A-D were averaged for multiple measurements 

and are shown in Figure 5.11. Silanol groups easily bind with moisture under normal atmospheric 

conditions and therefore spectral reproducibility under long, dry purge conditions was critically 

evaluated for accurate low-k damage trend. Strip condition D was found most damaging to the ILD 

layer as determined by highest SiOH peak intensity (132.2 mabs at 3430 cm-1) and lowest CH3 as 

stretching band. Similarly strip condition A was established as most ILD-compatible with lowest 

SiOH band (109.5 mabs) and highest Si-CH3 retention. Strip conditions B and C imparted similar 

degree of low-k damage (124.8 and 125.9 mabs respectively) and were positioned in between 
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condition A and D. A relative trend of normalized SiOH peak intensities were calculated upto two 

decimal points as 1.00 : 1.14 : 1.15 : 1.21 for   Strip A : Strip B : Strip C : Strip D conditions.    

Superiority of strip condition A in terms of minimum plasma-induced low-k damage was 

verified by T-IR measurements, summarized in Figure 5.12. The Si-CH3 bending peak intensity 

were measured at 1276 cm-1 from a common baseline and compared to find most low-k compatible 

strip process. Maximum retention of carbon doping in ILD layer was achieved after strip condition 

A (59.4 mabs at 1276 cm-1) and maximum loss of methyl groups were induced by strip condition 

D (54.6 mabs). 

 

 

Figure 5.12. Dielectric damage analyses of strip conditions A-D by Si-CH3 bending band in T-IR 

spectra. 

 

Overall sensitive FTIR metrology was successfully demonstrated as rapid process 

optimization tool for routine measurement. Especially SiOH peak assessment in MIR-IR mode 

was particularly helpful in determining relative damage quantification induced by various plasma 

processes. In addition to obtaining critical chemical bonding transformation occurring in the 
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surface and bulk media (a great advantage compared to SEM imaging technique), current FTIR 

metrology provides an alternative characterization tool to cost- and time-consuming electrical 

characterization by MIS method.  To extend this idea, a test study was done to correlate electrical 

measurements with quantitative MIR-IR silanol measurements and discussed in next segment. 

 

5.4 Correlation studies of electrical and infrared characterization of dielectric damage 

Plasma-induced dielectric damage evaluation by electrical characterization such as MIS 

structure formation is laborious, time-consuming due to multi-step sample preparation sequence 

and therefore impractical for routine process development. Section 5.2 and 5.3 had manifested 

application of highly sensitive MIR-IR metrology for quantitative assessment of silanol bonds that 

are generated from dielectric degradation as an efficient alternative probing tool. Current effort 

encompasses correlation studies between total number of silanol bonds present in a damaged ILD 

and its electrical behavior.  

5.4.1 Experimental 

PECVD-deposited blanket Black Diamond 3 or BD 3 (Applied Materials) low-k films were 

subject to reactive ion etch process using Tokyo Electron Tactras plasma etch system. In addition 

to the blanket BD 3 film (control), five other wafers were prepared to induce dielectric damage by 

plasma etch and plasma strip processes of various reaction times. First off blanket BD 3 film was 

exposed to fluorocarbon based etch chemistry (CF4) without creating a trench pattern structure. 

Subsequent stripping/ashing step comprised of O2 plasma for 20 sec, 40 sec, 60 sec and 80 sec. An 

oxidizing waferless dry clean was done to ensure residue removal from process chamber. A list of 

blanket samples are described in Table 5.1. Characterization techniques applied to the samples for 
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plasma-inflicted dielectric damage were MIR-IR, contact angle goniometry, spectroscopic 

ellipsometry and capacitance measurements.  

 Etch Strip 

Sample 1 (S1): Control No no 

Sample 2 (S2): Post-Etch Yes No 

Sample 3 (S3): Post-Etch+ Post-Strip (20 sec) Yes Yes – 20 sec 

Sample 4 (S4): Post-Etch+ Post-Strip (40 sec) Yes Yes – 40 sec 

Sample 5 (S5): Post-Etch+ Post-Strip (60 sec) Yes Yes – 60 sec 

Sample 6 (S6): Post-Etch+ Post-Strip (80 sec) Yes Yes – 80 sec 

 

Table 5.1. List of blanket wafers and plasma process descriptions inducing different degrees of 

dielectric damage. 

 

5.4.2 Results 

Firstly, surface hydrophobicity were estimated by contact angle goniometry using ultrapure 

water (UPW) droplets. An averaged contact angle of 95 o was obtained on highly hydrophobic 

blanket low-k substrate (S1, control). High carbon-doping in siloxane framework resulted 

hydrophobic surface behavior. With CF4-etching process surface turned predominately 

hydrophilic (averaged contact angle of 25 o) due to introduction of oxygen containing functional 

group in low-k structure and carbon depletion. Progressive oxidative strip plasma further reduce 

water contact angle on hydrophobic surface but at a much slower rate, possibly due to surface 

densification effect by FC plasma that mostly did not allow reactive oxygen plasma species clear 

entrance into porous ILD matrix. BD 3 low-k surface after post-etch + 80 sec stripping (S6) 

resulted a surface hydrophobicity equivalent to contact angle of 20 o. 
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Figure 5.13. (a) Plot of water contact angles measured and (b) digital images of UPW water 

droplets demonstrating surface wetting behavior trend.  

 

Dielectric constants (k) and refractive indices (R.I.) of S1-S6 wafers were obtained from 

capacitance measurements. Median data were calculated from 8 duplicate measurements and 

plotted in Figure 5.14 (a). Median R.I and k value for pristine blanket BD3 were found to be 1.3966 

and 2.86 respectively. With progressive plasma exposure (both etch and strip), R.I. and k values 

gradually increased as expected. Simplistically dielectric constant of a material is proportional to 

the square of its refractive index. As more polarizable Si-C bonds were broken by various plasma 

species, new SiOH bonds were formed that resulted overall k-increase. Thickness measurements 
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of post-processed films were done by spectroscopic ellipsometry method. Figure 5.14 (b) 

demonstrates gradual decrease in blanket low-k layer thickness from S1  S6 wafers. Significant 

material removal (~40%) from pristine blanket low-k (S1) film by etch chemistry was observed. 

Thereon progressive oxidizing strip plasma structurally modified the low-k layer without drastic 

thickness change. Substantial silanol addition or thickness reduction by O2-plasma might have 

been thwarted by FC-plasma-induced surface densification of low-k substrate as observed 

previously. 

  

Figure 5.14. Comparison of (a) dielectric properties (refractive index and dielectric constant) and 

(b) thickness data of S1-S6 wafer under etch and various strip process conditions.  

 

Verification of dielectric loss was incurred by MIR-IR and T-IR analysis of post-processed 

S1-S6 wafers. Carbon depletion from blanket CDO layer by FC-plasma and O2–plasma was 

observed by proceeding diminution of characteristic CH3 asymmetric stretching band (MIR-IR) 

and Si-CH3 bending band (T-IR) in Figure 5.15. Observation of substantial loss of material 

thickness by FC-plasma etch process was also asserted by prominent decrement of Si-O-Si 

stretching frequency – both in network and cage structures. Further siloxane material loss by strip 

plasma was relatively much slower according to T-IR spectral comparison of S3-S6 wafers. 
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Correspondingly, Si-C bond breakage was replenished by Si-OH bond generation under plasma 

conditions. Increment of silanol content by etch and strip processes was relatively less fulminant 

as per MIR-IR data.  

 

 

Figure 5.15. (a) MIR-IR and (b) T-IR spectra of S1-S6 wafers demonstrating gradual dielectric 

loss by harsh plasma conditions. 

 

Overall project goal in broader context was to use current set of process conditions to build 

a calibration curve between FTIR data and electrical/dielectric data to test applicability of MIR-

IR method as a time-efficient routine plasma-damage evaluation metrology. Figure 5.16 combines 

MIR-IR silanol peak intensities of S1-S6 wafers with corresponding electrical measurements (RI, 

k values via capacitance). Excellent linear correlation were found in both SiOHMIR-IR vs. RI and 

SiOHMIR-IR vs. k plots shown by solid red line and dotted blue line respectively. 
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Figure 5.16. Calibration curve of SiOH peak height (MIR-IR) vs RI and k data. Linear fit were 

applied to individual scatter plots. 

 

Straight line equations in form of (y = slope*x + intercept) was suggested for practical 

application of these calibration curve. For example, degree of dielectric damage (higher k and RI 

value) can be estimated by extrapolating the linear fit using measured MIR-IR silanol peak 

intensity for a wafer sample undergone longer plasma strip process. Point to note that such 

calibration curve are valid for a particular set of process conditions exclusively. Molecular and 

atomic interaction between substrate and reactive plasma species will vary with change in process 

chemistry and therefore require new calibration curve generated under the same method. Potential 

application of MIR-IR metrology in quantitative plasma-damage assessment may have long-term 

benefits in terms of cost-efficiency. Continued research endeavors are necessitated for further 

exploration.  
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5.5  Summary 

Highly sensitive FTIR metrology was utilized for quantitative analyses of plasma-induced 

dielectric damage in patterned trench structures. FC plasma etch, oxidizing PR strip processes were 

evaluated for carbon depletion and silanol increase. Various strip process conditions were screened 

for ashing efficiency and minimum loss of electrical properties. Finally SiOH peak intensities from 

MIR-IR spectra were investigated to estimate dielectric parameters of damaged blanket substrates 

indirectly.  

Many characterization techniques exist in current practice, but just a few have been 

established as routine methods in industry.  The extent to which these techniques are used depends 

on cost, destructive impact on the sample, depth of information provided, and compatibility in a 

production environment.  Note that there are two components to cost – one being the absolute 

expense associated with ownership, maintenance, and operation of analysis equipment, and the 

other being the time required for processing/analysis and its impact on development timelines and 

roadmaps. A time- and cost-effective method such as current MIR-IR metrology that provides in-

depth chemical information about the thin dielectric damaged layers can be increasingly valuable 

as critical dimensions continue to scale down and subtle process variances begin to have a 

significant impact on device performance. 
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CHAPTER 6 

IR CHARACTERIZATION OF VARIOUS FUNCTIONALIZED THIN FILMS FOR IC 

FABRICATION APPLICATIONS 

 

In chapter 3-5 of the thesis report, application of novel FTIR metrology in investigation of 

model fluoropolymer bonding characterization and its UV-assisted structural modification, and 

assessment of plasma-induced dielectric damage of porous CDO films were discoursed. In this 

chapter, utilization of FTIR technique is discussed for characterization of various functionalized 

thin films relevant to IC manufacturing schemes for process development purpose. First example 

of thin film analysis involved characterization of amine-terminated organic film deposited from 

(3-aminopropyl) triethoxysilane (APTES) precursors for subsequent metal binding applications. 

In another attempt chemical bonding structure of amine-functionalized amorphous thin films 

deposited from hydrocarbon and inorganic nitrogen-based plasma precursors were studied. Overall 

context, specific project objectives, experimental conditions, significance of results obtained in 

relevance to practical application are discussed in following sections separately.  

 

6.1 Characterization of APTES thin films for Pd-loading application 

6.1.1 Introduction 

In 1997 IBM introduced Cu damascene metallization for 180 nm CMOS nodes and below 

to replacing Al technology [1-2]. The primary objectives were to increase electromigration 

resistance and decrease interconnect resistivity for overall RC delay reduction. However Cu has 

high diffusion coefficient (3 x 10-4 cm2/s) that create deep trap states and shortcut paths by 

agglomeration [3]. Cu is also susceptible to silicide formation as Cu3Si at processing temperatures 
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≥ 200 oC that results modification of electronic structure and long range lattice expansion [4]. 

Embedment of interconnects into a barrier layer is one of the effective ways to prevent Cu diffusion 

into silicon. In addition to Cu-diffusion resistance, other criteria for an ideal barrier layer include 

good adhesion between interlayer dielectrics and interconnects, sufficient mechanical strength 

with resistivity as low as possible [5]. Current methods for diffusion layer deposition utilize both 

dry and wet processes depending on barrier material type, desired conformality and deposition 

location (interconnect sidewall/bottom vs. cap). Ionized physical vapor deposition technique 

(magnetron sputtering) yields good quality barrier films on bottom and sidewalls of copper 

interconnect but have limited coverage in high aspect ratio via contacts, trenches and holes sub-

100 nm. Other dry Cu metallization methods such as conventional chemical vapor deposition, 

plasma-enhanced chemical vapor deposition and atomic layer deposition form good conformal 

layer but require specific precursors and multi-chambered equipment array. Among various wet 

processes, electroless deposition method provides good step coverage on nano-patterned trench 

substrates, simpler equipment set up and cost-efficiency [5]. In this method a thin self-assembled 

molecular nanolayer is first formed on the substrate surface to facilitate subsequent metal 

electroless plating. Self-assembling organic precursor usually consists functional groups on both 

terminals connected by alkyl or aromatic chain of suitable length. An appropriate head group at 

one end specifically binds to substrate surface and a different set of functional group at tail end 

create functionalized surface for metal deposition.  

Amine functionalization is most commonly employed due to its high applicability. APTES 

is a popular choice for self-assembling precursor and self-assembled APTES thin film formation 

on silicon based substrates (oxide, silica gel, quartz, glass, silica nanoparticles etc.) via wet 

chemistry is widely reported [6-28]. Vapor-deposited APTES monolayers are also known [29-30]. 
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Amine terminated APTES nanolayer formation on silica substrates promotes enhanced adhesion 

between silica and organic/metallic materials with applications ranging from advanced polymer 

matrix composites to microfluidics. Other substrates such as Fe3O4 nanoparticles, magnetic 

materials, titanium, titanium oxide, germanium, alumina, gallium nitride etc. have also been 

studied for APTES amine terminated surface formation [31-37]. Application of covalently 

attached APTES monolayer on silicon and gallium arsenide substrates in semiconductor 

processing have been investigated [38-39]. Recently, APTES adhesive layers are utilized in 

electroless metal and diffusion barrier deposition promotion [40-44].  

6.1.2 Experimental 

For current study, an organosilane monolayer was first formed on silicon oxide surface on 

blanket silicon substrate. APTES was the choice of self-assembling organic molecule for its simple 

structure. Amine terminated surface was then loaded with palladium. Pd provides better sticking 

coefficient and nucleation center to the metal-based diffusion barrier deposited by subsequent 

electroless wet method.  Stack structures in various pre-treatment steps prior to electroless plating 

are shown in Figure 6.1 (a).  

Surface films were analyzed by FTIR spectroscopy metrology for detailed chemical 

bonding characterization of film structure at every surface modification step. Surface 

characterization techniques such as XPS and water contact angle goniometry were employed to 

corroborate with FTIR observations. Primary objectives of the study included investigation of self-

assembled APTES layer quality and terminal functionalities before and after Pd-binding. A 

qualitative effect of Pd-adhesion onto organosilane film would facilitate better surface engineering 

directing towards efficient electroless deposition of diffusion barrier. 
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Figure 6.1. (a) Schematic surface treatment sequence demonstrating different stacks (dimensions 

not to scale) and (b) surface modification of silicon oxide in sequential APTES treatment and 

PdCl2 treatment. 

 

  6.1.3 Results 

Ideal bonding schemes of APTES reaction with oxide and Pd-termination reactions on 

APTES layer are described in Figure 6.1 (b). APTES reacts with free surface hydroxyls of silicon 

dioxide layer. Lone pair of electrons from silanol oxygen atom SN2 attacks APTES Si atom [6]. 

Ethoxy groups are good leaving groups and ethanol is produced as side product. Therefore APTES 

binds to oxide surface by forming Si-O-Si bonds with amine groups oriented away from the 

underlying silicon surface. Amine groups do not directly participate in this reaction but may act as 

base catalyst [7] 
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Figure 6.2. Transmission IR spectra of surface oxide layer, oxide + self-assembled APTES film 

and oxide + Pd-loaded APTES film with respect to Si substrate. Comparison with literature data 

(self-assembled layer formation from various APTES concentration in toluene) shown in left inset 

[26]. Molecular structure of APTES is shown in right inset. 

 

For IR spectra collection, dilute HF etched (to remove oxide layer) Si substrate was used 

as background. Room temperature vibrational spectra were collected in both transmission (T-IR) 

and MIR-IR modes and are shown in separate figures to unravel detailed bonding structure 

information by delicate peak analyses. Firstly Figure 6.2 demonstrates vibrational signatures of 

oxide layer, oxide + APTES layer and oxide + Pd-loaded APTES layer measured in transmission 

mode. APTES thin layer spectra deposited from various concentration in toluene from Aissaoui et 
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al. work is shown in left inset for comparison [26]. Oxide only film spectrum showed two strong 

bands at 1230 cm-1 and 1054 cm-1 corresponding to Si-O-Si stretching vibrations. With APTES 

film deposition multiple bands appeared. Major band was observed at 1108 cm-1 for Si-O-C 

asymmetric stretching vibration. Presence of SiOCH2CH3 indicated incomplete condensation of 

adsorbed APTES molecule. Deformation vibration of CH2 and CH3 groups were found at 1449 

cm-1 and 1403 cm-1 along with weak CH2 wagging vibration at 1308 cm-1. 818 cm-1 band originated 

from Si-C bonds present in APTES self-assembled film. A combination band of silanol Si-O 

stretching and Si-O-C symmetric stretching appeared at 965 cm-1. Interestingly stretching vibration 

of unsaturated bonds such as C=O and C=N were observed 1717 cm-1 and 1666 cm-1. Formation 

of carbonyl and imine groups were believed to be from surface oxidation mechanism and are 

discussed later in this chapter. One important observation was the prominent similarity between 

Pd-loaded APTES film and APTES film itself indicating minimum or no Pd-binding action. 

 

Figure 6.3. MIR-IR spectra of oxide + self-assembled APTES film and oxide + Pd-loaded APTES 

film with respect to Si substrate.  
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MIR-IR spectra of oxide + self-assembled APTES film and oxide + Pd-loaded APTES film 

collected with respect to Si background were found extremely similar to each other as shown in 

Figure 6.3. Symmetric and asymmetric stretching vibrations of CH2 and CH3 groups were located 

in 2820-2990 cm-1 range. Appearance of C=O and C=N stretching vibrations at 1719 cm-1 and 

1663 cm-1 respectively were consistent with T-IR spectral observations in Figure 6.2. A broad band 

covering 3000-3800 cm-1 region consisted of stretching vibration of O-H and N-H bonds. Amine 

deformation vibration was noticed as a weak band at ~1600 cm-1 in Figure 6.3 inset. Hydroxyl and 

primary amine groups originate from free silanol in oxide layer and APTES film respectively. 

Intramolecular hydrogen bond formation by N-H and O-H bonds within the film further broadened 

overall appearance of the stretching vibration band. Possible reasons behind palladium binding 

inefficiency under current reaction conditions are discussed in the following sections.  

 

Figure 6.4. Comparison of core level XPS spectra of APTES self-assembled layer before (dashed 

red lines) and after (solid blue lines) Pd-binding.   
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 Further confirmation of Pd-binding inefficiency was obtained from core level XPS data 

analyses. Figure 6.4 demonstrates comparison of Si 2p, C 1s, O 1s and N 1s XPS spectra of APTES 

self-assembled layer before and after Pd-binding. Major band in Si 2p spectra originated from Si 

substrate as Si0 at ~99 eV. Ability to witness a dominant Si0 peak indicated APTES film thickness 

as <10 nm i.e., less than XPS analysis depth. A smaller band at ~103 eV from Si 2p photoelectrons 

substantiated presence of Si-O linkages and was also supported by corresponding O 1s band at 

~532 eV. Tiny C=O band (~533.7 eV) was masked by huge O-Si band in O 1s spectra. C 1s XPS 

spectra were consisted of multiple signatures. Alkyl groups appeared as major C-C/C-H band at 

~285 eV along with C=O and C=N groups as small tails. Both primary amines and imines were 

found in N 1s XPS spectra. Amine groups were likely buried in bulk where large Pd2+ could not 

reach easily resulting low Pd-binding. 

 

Figure 6.5. (a) Atomic concentration percentage analyses and (b) weak Pd 3d XPS peak indicate 

inefficient Pd-binding to APTES terminated film. 

 

 Atomic concentration percentages of APTES film before and after Pd-binding were 

calculated from XPS spectra using appropriate sensitivity factor. Very small amount of Pd (~0.3 
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%) was found after PdCl2 treatment of APTES film and elemental concentrations of Si, O, C and 

N remained unchanged as shown in Figure 6.5 (a) and (b).  

Surface hydrophilicity trend was estimated from the wetting behavior using ultrapure water 

demonstrated in Figure 6.6. Silicon oxide surface was relatively hydrophilic due to large number 

of surface hydroxyl groups with low water contact angle of 25o. No appreciable difference was 

found between average contact angle data (70o) from APTES film surface before and after Pd-

treatment.  

 

Figure 6.6. (a) Digital Images and (b) histogram of water contact angle measurement data at 

surface at different stages of reaction flow.  

 

Chemical bonding information obtained from FTIR analyses can be put together to 

generate a model bonding configuration of the self-assembled APTES film. Figure 6.7 depicts 

proposed schematic bonding structure of the organosilane network decorated with various 

functional groups that were identified in FTIR spectra in Figure 6.2 and Figure 6.3. Absence of 

distinct NH2 deformation vibrations indicated lack of ‘free’ surface amines. Broad N-H/O-H band 

was caused by extensive H-bonding. Presence of Si-O-C bands was due to remaining ethoxy goups 
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from incomplete polymerization which often leads to lateral & vertical cross-linking and self-

polymerization within the film. Fraction of surface amines were oxidized to imines in presence of 

atmospheric moisture, carbon dioxide and oxygen via bicarbonate intermediate.  

 

Figure 6.7. Proposed schematic bonding structure of self-assembled APTES film on Si surface. 

Vibrational signatures corresponding to various functional groups are shown in insets.  

 

To summarize, Pd-loading efficiency on self-assembled APTES layer was characterized 

by FTIR, XPS and water contact angle analyses. Lack of accessible free surface amines resulted 

low Pd-binding. Some of the possible reasons for lack of free surface amines are: 

  extensive H-bonding (intermolecular and intramolecular) that occupy amine lone pairs 

 upside down orientation of APTES where amine groups are closer to Si surface 
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 derivatization of amines (into bicarbonate, imine) under atmospheric conditions 

[6,7,19,24] 

 

Possible mechanism and methods for minimization of surface terminated amine loss in 

aqueous solutions have been suggested [45]. Organic precursors with multiple amine groups can 

improve Pd-loading efficiency. For example 3-[2-(2-aminoethylamino)ethylamino] 

propyltrimethoxysilane was recently found more efficient than APTES by Osaka et al. [40-41]. 

Reaction conditions such as choice of solvent, duration and temperature affect bonding 

configuration, thickness, orientation, stability and free amine concentration of self-assembled 

APTES film [8,28]. Post-treatment (curing, sonication) may also be employed to control APTEM 

film morphology [9,46]. APTES wet chemistry is well documented in literature and provides 

tuning handle for preparation of a specific type of APTES film with proper control in thickness, 

morphology and chemical properties. APTES solute concentration in solvent determines self-

assembled layer thickness (mono- vs. poly-) and possibility of physisorption of APTES molecules 

onto deposited APTES film. Special cleaning treatments followed by silane passivation is required 

to create hydrophobic glass surface of all useable glassware. Anhydrous organic solvent such as 

toluene is a suitable solvent and works best when freshly distilled from sodium before use. Self-

polymerization of liquid APTES reagent from prolonged storage can be prevented by occasional 

distillation. Highly sensitive FTIR metrology can be utilized as a rapid, efficient tool for process 

development to obtain good quality monolayer with sufficient amine surface coverage.  
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6.2 Characterization of Hydrocarbon Thin Films for Diffusion Barrier Application 

6.2.1 Introduction 

Conformal copper plating by electroless metallization for ULSI back end application has 

been reviewed [47-48]. A sub-3 nm, smooth conformal Cu diffusion barrier and seed layer are 

required for advanced technology nodes. Functionalized organic thin films such as plasma-

polymerized amorphous hydrocarbon layers have been investigated as a potential ‘non-metal’ 

diffusion barrier material [49-52]. More recently molecular layer deposition (MLD) technique has 

been explored for deposition of ultrathin polymer films [53-54].  Overall process integration goal 

is to deposit conformal HC films on etched low-k trench structure followed by surface conditioning 

and functionalization in the same etch chamber.  

In addition to serve as Cu diffusion barrier layer, the hydrocarbon film can potentially seal 

and protect underlying fragile low-k film. After a dilute HF-based post-etch wet clean, electroless 

Cu conducting wires can be formed. CVD-deposited amorphous carbon layer consists organic 

hydrocarbon groups only and therefore do not bind well with metals Cu as is. A proper surface 

termination such as introduction of amine group is required to activate the surface by enhancing 

adhesion. There is a large scope of ‘tunable’ HC film structure, morphology, and surface chemistry 

for fast and efficient electroless copper deposition without any void or defect formation [50]. 

However, deposited HC film thicknesses are ultrathin (<5 nm) and use patterned nano-structure 

substrate and therefore difficult to characterize efficiently using conventional analytical tools.  

In current work, FTIR metrology was utilized as a cost-effective process development tool 

for bonding structure characterization of amorphous HC films before and after various 

functionalizing chemistry. The primary objective was to elucidate surface properties of thin 
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functionalized hydrocarbon films deposited by various process conditions with principal interest 

on concentration and type of the amine groups.  

6.2.2 Experimental 

Amorphous hydrocarbon films were deposited on blanket silicon substrate by capacitively-

coupled plasma (CCP) method using hydrocarbon precursors. HC film surface was then 

functionalized in a subsequent step using nitrogen containing plasma such as N2, NH3 and H2 

plasma individually and in combination.  Table 6.1 enlists types of deposited HC films before and 

after amine-termination reactions. 

 

Sample/Background Description Conditions 

Background Blanket Si wafer - 

Sample A Unfunctionalized PET film Deposited from CH4/H2 precursors  

Sample B PET film + low NH3 

(standard) 

CH4/H2 chemistry +  low pressure 

NH3 plasma 

Sample C PET film + high NH3 CH4/H2 chemistry +  high pressure 

NH3 plasma 

Sample D PET film + low N2 CH4/H2 chemistry +  low pressure N2 

plasma 

Sample E PET film + low NH3/H2 CH4/H2 chemistry +  low pressure 

NH3/H2  plasma 

Sample F Standard PET film + Pd Sample B + Pd-loading 

 

Table 6.1. List of functionalized HC film samples and corresponding process descriptions. 

 

‘Sample A’ represents an amorphous HC film deposited on silicon substrate 

(‘background’) from hydrocarbon plasma diluted in hydrogen gas. Sample A, therefore, consisted 

of hydrocarbon network only and no other active functional groups. Sample A was then exposed 

to different nitrogenous plasma chemistries to introduce amine functionalities in amorphous HC 
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motif. Sample B, Sample C, Sample D and Sample E represent various amine-functionalized HC 

films. For example, Sample B and Sample C were prepared by low pressure NH3 and high pressure 

NH3 plasma respectively following HC film deposition. Sample D resulted from low pressure N2 

plasma treatment of Sample A. Sample E was made from a combination of NH3 and H2 plasma at 

low pressure. Functionalizing process step was free of hydrocarbons to avoid further carbon 

deposition. The amine functionalization of HC layer is believed to be self-limiting and a monolayer 

of amine terminals are formed on the hydrocarbon surface [51-52]. To test Pd-loading efficiency 

onto amine groups, Sample B film surface was exposed to PdCl2 wet chemistry and Sample F 

represents the resultant Pd-terminated film. FTIR metrology was utilized to collect T-IR and MIR-

IR spectra of Sample A-F using silicon background. XPS measurements were employed for 

surface characterization. 

 6.2.3 Results 

Figure 6.8 demonstrates MIR-IR spectra of Sample A-F collected with respect to silicon 

background. All HC films possessed anticipated C-H stretching vibration modes from functional 

groups (-CH2, -CH3) between 2800 – 3000 cm-1. Two IR absorption bands centered at 3180 and 

3340 cm-1 can be assigned to the symmetric and asymmetric stretching modes of primary amine (-

NH2) respectively. A broad H-bonded O-H stretching band was also expected in said range. 

Relative amine concentrations introduced in plasma modification step can be estimated 

from primary amine band intensities. Several helpful insights emerged from MIR-IR 

characterization data in Figure 6.8 (a). Characteristic N-H vibration doublet band indicated 

presence of primary amines in modified HC films. NH3 plasma modification (Sample B) created 

more amines than N2 chemistry (Sample D) both at low chamber pressure, possibly due to higher 

bond dissociation energy of molecular dinitrogen than that of N-H bond in ammonia. Expectedly 
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higher chamber pressure of NH3 resulted more amine termination on HC films as seen in the trend 

Sample C (high NH3) > Sample B (low NH3) > Sample A (no NH3). Subsequent Pd-loading step 

on functionalized HC films removed amines (Sample F). Interestingly Sample A (no NH3) also 

consisted some amine fractions, likely from unclean chamber. Chamber wall residues dissociate 

during plasma conditions and recombine on wafer surface. A proper ‘waferless auto cleaning’ step 

can be introduced in between desired plasma processes for efficient chamber cleaning.  

 

Figure 6.8. (a) MIR-IR spectra of Sample A-F films each subtracted from silicon background; (b) 

Bar-diagram of peak intensities (in mabs unit) of N-H asymmetric and symmetric stretching bands 

at 3340 and 3180 cm-1 respectively. 

 

Figure 6.9 demonstrates XPS analyses results of Sample A-E for carbon, nitrogen and 

oxygen. For example, presence of hydrocarbon network was observed as major peak in C 1s XPS 

band along with a small tail representing carbon center of primary amines. In N 1s spectra, primary 

amine peak was found exclusively and considerable amount of amines was observed in Sample A 



 129 

spectrum supporting FTIR observation in Figure 6.8. Principal O-Si peak in O 1s XPS spectra did 

not originate from modified HC films of <5 nm thickness, rather from substrate. 

  

Figure 6.9. Core level XPS spectra of C, O and N elements from various amine-terminated HC 

films. Sample A-E spectra represented in different colors.  

 

Primary amine functionalization of amorphous hydrocarbon layer was achieved by flow 

gases NH3, N2, H2 at different plasma conditions. Efficiency of amine introduction into HC film 

was characterized using FTIR and XPS analyses. It was previously discussed in Chapter 3, how 

chemical derivatization reaction on functional groups in a thin film revealed critical bonding 

information. Acetylation reaction was chosen for derivatization of primary amines present in the 

amorphous HC films in current study. Primary amines are nucleophilic in nature due the 

availability of lone pair of electrons on nitrogen atom. Acetic anhydride is known as an excellent 

electrophile since it possesses a good leaving group, acetate anion. Nucleofugality of acetate is 

favored by its energy-stabilized resonance structure. The derivatized product is an amide with 

acetic acid as side product.  
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Figure 6.10. (a) MIR-IR data comparison of Sample C before and after acetylation; (b) differential 

FTIR spectra after water rinse and acetylation reactions on Sample C, and (c) N 1s XPS spectra of 

Sample C – as deposited, after water rinse and acetylation step. 

 

 Wafer coupons were first immersed into pure acetic anhydride liquid at room temperature 

followed by dichloromethane rinse and blow dry. FTIR and XPS results of derivatized Sample C, 

the HC film with most amine groups, are summarized in Figure 6.10. After 20 min acetylation 

reaction, N-H asymmetric and symmetric stretching frequencies from primary amine functional 

group at 3340 cm-1 and 3180 cm-1 respectively, were reduced. Prolonged acetylation did not result 

further reaction. Figure 6.10 (b) shows differential spectrum after 20 min acetylation derivatization 

clearly demonstrating characteristic N-H doublets as negative bands; i.e. bonds removed. 

Interestingly similar amine removal effect was also observed by simple water rinse step at room 

temperature. Partial amine removal by UPW rinse was also verified by XPS measurements. N 1s 

XPS spectrum of acetylated HC film of Sample C did not retain any nitrogen while water rinse 

reduced C-N band by ~25%. These important observations indicated to the type of amine 

modification created by functionalizing plasma conditions on amorphous HC films. Clearly part 

of amines were water soluble due to ionic nature, lack of covalent anchoring or smaller fragment 

size. Complete loss of amine during acetylation include both aqueous and organic soluble parts 

and may be facilitated by weak acid formation (acetic acid byproduct).    
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 MIR-IR characterization indicated towards a vital problem of interfacial instability and 

lack of adhesion properties of amine-modified HC films. According the chemistry design 

sequence, the amine group should remain on HC film surface after Pd-loading as the Pd2+ 

complexes with lone pair electrons on N of amine groups. The Pd-amine chelation is self-limiting 

and forms Pd-monolayer on surface. However, MIR-IR data (Figure 6.11) clearly showed 

significant amine loss after PdCl2 treatment similar to water rinse effect. 

 

 

Figure 6.11. MIR-IR spectra showing reduction of amine groups in amine terminated HC films 

after Pd-loading.  

 

Efficient process integration strictly commands adequate interfacial adhesion to withstand 

acidic Pd-binding wet chemistry, post-etch clean and electroless Cu deposition. Moreover 

subsequent chemical mechanical polishing of excess Cu also requires sufficient mechanical 

strength of amorphous HC layer. Current FTIR metrology can guide required process optimization 

to install strong covalent bonding at the amines/HC layer and HC layer/porous low-k interfaces to 

improve adhesion and mechanical stability.  
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6.3 Summary 

 Highly sensitive FTIR metrology was shown as a fast, efficient characterization tool for 

various surface and interfacial reactions. New materials and methods were investigated for copper 

diffusion barrier material application. Chemical bonding configuration of very thin organic films 

were precisely identified with emphasis in relative concentration of surface amine concentration. 

Surface amine terminations were found determinant of subsequent Pd-loading efficiency for 

electroless deposition.  
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