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ABSTRACT 
 
 

Chemical systems containing oxidants are widely used at various stages in semiconductor 

processing, particularly for wet cleaning and polishing applications. This dissertation presents a 

series of studies related to oxidative removal of materials in the Front-End-Of-Line (FEOL) and 

Chemical Mechanical Planarization (CMP) processes during IC fabrication.  

 

In the first part of this study, stripping of photoresists exposed to high dose of ions       

(1E16 As/cm2) was investigated in activated hydrogen peroxide systems. Stripping of 

photoresists (PR) exposed to high dose (>1E15/cm2) ion beams is one of the most challenging 

steps in FEOL processing. This is due to unreactive crust layer that forms on the resist surface 

during ion implantation.  The use of hydrogen peroxide systems activated by metal ion or UV 

light, for disrupting crust formed on deep UV resist to enable complete removal of crust as well 

as underlying photoresist was investigated. A systematic evaluation of variables such as 

hydrogen peroxide and metal ion concentration, UV intensity, temperature and time was 

conducted and an optimal formulation capable of attacking the crust was developed. A two step 

process involving pretreatment with activated hydrogen peroxide solution, followed by 

treatment with sulfuric acid-hydrogen peroxide mixture (SPM) was developed for complete 

removal of crusted resist films.  

 
In the second part of this study, electrochemically enhanced abrasive removal of Ta/TaN 

films was investigated in solutions containing 2,5 dihydroxy benzene sulfonic acid (DBSA) and 

potassium iodate (KIO3). This method known as Electrically-assisted Chemical Mechanical 

Planarization (ECMP) is generating a lot of interest in IC manufacturing. Ta/TaN films were 
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abraded at low pressures (<0.5 psi) on a polyurethane pad under galvanostatic conditions. The 

effect of variables including pH, KIO3 concentration, and current density has been explored. In 

the optimized formulation, tantalum and tantalum nitride removal rates of ~170 A0/min and    

~200 A0/min, respectively have been obtained at a current density of 1 mA/cm2. The use of 

benzotriazole as a copper inhibitor was required to obtain Ta to Cu selectivity of 0.8:1. 

Additionally, the nature of the oxide film formed on tantalum during the electrochemical 

abrasion process was characterized.  
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CHAPTER 1 
  

INTRODUCTION 
 
 
1.1 Explanation Of The Problem And Its Context 
 

 

In a standard CMOS process flow, source and drain of p-type and n-type MOS transistors 

are defined by implantation of ions of group III and V elements. Photoresist is typically 

employed as block mask during ion implantation for Front-End-Of-Line (FEOL) CMOS device 

processing. These resists have to be removed after each implantation process since they are not a 

part of the final IC device. High dose ion beams (≥1E15 atoms/cm2) damage the upper layer of 

the photoresist, forming a hard ‘crust’ layer, which is very difficult to remove. Removal of resists 

exposed to ions during this processing is currently carried out by oxygen plasma ash method 

followed by wet cleaning steps. This ash/strip method suffers from many drawbacks - it is a high 

energy process, causes silicon loss by oxidation and dopant loss and creates particulate 

contamination. For the removal of resists exposed to ions during certain sensitive shallow 

implant (used to reduce the resistance between the source/drain and the channel region) steps, 

replacement of ash/strip process by ‘all’ wet chemical methods has been of great interest to the 

IC manufacturers. Such a replacement can potentially reduce the resist removal cycle time and 

the overall material consumption and could also eliminate damage induced by ashing.  

 

Wet cleaning methods based on high temperature (> 1500 C) Sulfuric acid-Peroxide 

Mixtures (SPM) appear to overcome some of the limitations of dry stripping but are not still very 

effective in removing implanted resists at dosages ≥ 1E16 atoms/cm2. Although, undercutting of 

the undamaged or lightly damaged regions of photoresist often leads to crust removal, it results 
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in defects on the wafer due to re-deposition of fragments from the crust. In addition, the part of 

the crust in contact with the silicon at certain areas, (for example near the Edge Bead Removal 

(EBR) region), remains unaffected in many wet chemical systems.   

 

Very hot (>2000 C) SPM generated at the wafer level has shown some promise in 

attacking the crust and stripping the resist, but it tends to attack metal gates. In a batch process, 

hydrogen peroxide in SPM is unstable at high temperatures and requires frequent replenishment. 

Further, high temperature and extreme low pH conditions used in SPM-based resist stripping 

pose a serious safety concern. Reducing the temperature of the wet chemical method could 

potentially reduce the energy footprint of the stripping process and simultaneously reduce the 

number of process steps. Thus, there is a need for an alternative high quality wet strip process 

that can remove the photoresist completely without the drawbacks of hot SPM processes and 

eventually replace the ash-strip process.  

 

Advanced Oxidation Processes (AOP) involving the generation of strong oxidizing 

agents (hydroxyl radicals) are widely used for the oxidation of organic contaminants present in 

aqueous systems. Using these AOP systems, the crust present on the resist surface can be 

disrupted/oxidized to enable the complete removal of crust as well as underlying photoresist 

using conventional Sulfuric-Peroxide Mixture (SPM). 
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In an IC device, basic components (transistors) are connected to the external world 

through intermetallic contacts. IC devices use multilevel metallization for transferring signals to 

and from the circuits to an external source. Copper (Cu) is widely used as an interconnect metal 

in logic and memory devices.  Integration of Cu into low-k dielectric (prevents short circuit 

between the interconnects) features in an IC device is implemented with the use of dual 

damascene approach. Copper is electrochemically deposited onto vias and trenches of low-k 

dielectric features. Prior to copper electrodeposition, a thin diffusion barrier layer, the most 

common being a duplex layer of tantalum (Ta, diffusion barrier for Cu) and tantalum nitride 

(TaN, adhesion promoter) and a Cu seed layer are deposited. Chemical Mechanical Planarization 

(CMP) is employed to remove the overburden of Cu and planarize the wafer surface. In a 

conventional CMP process, slurries containing oxidant and abrasive particles are used to remove 

overburden of metal at an applied pressure (>3 psi).  

 

In the fabrication of Cu/low-k structures, conventional metal CMP has certain limitations 

such as film delamination, dishing, erosion etc., due to high applied pressure (>3 psi). Since, the 

removal rate in CMP is usually a function of pressure; resorting to low-pressure processes may 

be an alternate, but this may come at the expense of removal rate. To overcome this drawback, 

variants of CMP such as Electrically assisted Chemical Mechanical Planarization (ECMP) have 

been investigated. The ECMP process utilizes the combined effect of applied current/potential, 

solution chemistry and applied pressure for planarizing deposited metal layers. In this method, a 

metallic film, typically copper, is polarized anodically by an applied voltage, while a pad makes 

mechanical contact with the film at very low applied pressure (<1 psi). Due to enhancement of 

electrochemical factors (combined action of current/voltage and slurry), the particulate content of 
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the slurry can be significantly reduced, or in some cases eliminated. While ECMP of Cu has been 

studied quite extensively, the removal of tantalum and tantalum nitride barrier layers has not 

been explored in much detail.  

 

Development of chemical formulations for ECMP presents several challenges. Organic 

additives, especially inhibitors used to control planarity (i.e. to protect recessed regions), need to 

be stable under applied anodic potential. To have a high current efficiency, the applied current 

should not induce decomposition of the chemical formulations. Designing conductive pads such 

as polymer pads with conductive (carbon) coatings is a challenge for ECMP. Additionally, end 

point detection of metal removal is possible for Cu by sheet resistance measurement whereas it is 

difficult for barrier layer removal.  

 

The development of a full sequence ECMP process would require the removal of Cu and 

the barrier layer (Ta/TaN) as well. Chemical systems that exhibit a 1:1 selectivity between the 

barrier layer and copper would be ideal for the barrier removal step of ECMP. Since ECMP 

involves anodic dissolution of metal due to applied current supplemented by mechanical 

abrasion, the need for an oxidant in the slurry formulation is debated. However for Ta ECMP, 

the use of hydrogen peroxide (H2O2) was found to be beneficial in enhancing Ta removal rates. It 

was hypothesized that peroxide played a role in oxidation as well as complexation of tantalum as 

peroxotantalate species (eg: [Ta(O2)L6]
3-, where L represents one ionized molecule of 

complexing agent). Since H2O2 is catalytically decomposed by metal ions, oxidants that are more 

stable are being tested. One such oxidant that has been commonly reported in CMP literature for 

copper and tantalum is potassium iodate (KIO3). It is a strong oxidizing agent (E0
KIO3/KI = 
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1.085V) and is also more stable compared to hydrogen peroxide. Hence, use of KIO3 as an 

oxidant for ECMP of barrier layer could provide improved removal rates.  

 

1.2 Review of Literature 

1.2.1 Fabrication of Integrated Circuits 

 

Integrated Circuits (ICs) have ushered in a digital revolution which has created history 

for the human race. In this digital era, ICs find wide applications ranging from television to 

computers and cell phones to iPads. For several decades, semiconductor industries have focused 

on producing faster, cheaper and more functional integrated circuit devices. Semiconductor 

industries have achieved higher productivity and performance by reducing the minimum feature 

size printed on the device and increasing the number of transistors per chip.  In 1965, Gordon 

Moore predicted that the number of transistors per die would double every 18 to 24 months while 

the size of the minimum feature would reduce by ~0.7 times [1].  

 

The Metal Oxide Semiconductor Field Effect Transistor (MOSFET) is the most widely 

used semiconductor device and lies at the heart of every digital circuit. Nowadays, over 1 billion 

transistors per chip are produced on silicon substrate in contrast to a few thousand transistors per 

chip produced during 1970s [2].  This increase in device density per chip is achieved by a 

constant decrease in nominal feature size, such that the chip area does not expand drastically.  

Over the last 20 years, the integration density has increased by a factor of 104 and the trend in 

memory and logic devices is shown as in Figure 1. The integration density of logic circuits is 

lower than that of memory circuits since more repetitive layout of arrays are fabricated in 
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memory chips [3]. In logic devices, the increase in integration density is essentially due to the 

reduction of transistor size.   

 

Figure 1. Trends in logic and memory devices [3] 

 

The reduction of minimum feature size against production year is also shown in the 

figure. Typically, one-half the pitch of the first metal level of the device is defined as the 

minimum feature size and is also roughly equal to twice the gate length of the transistor. 

Presently, leading industry manufacturers are commercially producing ICs based on 45 nm 

technology. The relentless competitor and customer driven demands for increased circuit density 

have likewise meant that interconnect technology deliver more.  
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Figure 2 shows a schematic of cross-section of a 45nm IC device [4]. The steps involved 

in building ICs can be broadly classified into Front-End-Of-Line (FEOL) and Back-End-Of-Line 

(BEOL) processes.  

 

 

 

 

Figure 2: Schematic cross-section of a typical 45nm CMOS Device [4]. 
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Processing steps that lead to the formation of basic device elements/transistors on silicon 

(Si) substrates are a part of FEOL processing. Some of the steps involved in FEOL processing 

are a) Cleaning of Si surface, b) Shallow trench isolation (STI), c) Lithography, d) Etching,        

e) Thermal oxidation, f) Ion implantation to define P-MOS/N-MOS, g) Oxide deposition (Gate), 

h) Pre-Metal Dielectric (PMD) deposition, and i) Contact formation 

 

For the fabrication of transistors on Si wafers, the wafers are exposed to a multiple-step 

photolithography process. Photomasks are used in the lithography process; each mask defines 

different parts of a transistor and the circuitry pattern for each layer on which the device is 

fabricated. The bare silicon wafer is covered with a thin SiO2 layer, formed by thermal oxidation 

before the lithography step. A thick light-sensitive photoresist is uniformly coated on the wafer 

and portions of the resist are selectively exposed to ultraviolet light source as defined by the 

mask. A developer solution is used to remove the exposed photoresist on the wafer, leaving a 

pattern on the wafer in the exact design of the mask.  

 

Electrical characteristics of selected areas on the integrated circuit are controlled by 

implanting energized ions (dopants) in the form of specific impurities into areas that are not 

protected by resist. The ions come to rest below the wafer's surface, creating the p-type (boron 

ions) and n-type (Arsenic or Phosphorus ions) areas on the wafer and hence, the flow of 

electrical current throughout the transistors can be varied. Ion implantation is the process used to 

define the source and drain areas on the wafers by implanting the desired dopant ions into the 
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wafer. A schematic of ion implantation process for defining the p-type and n-type region on a Si 

wafer is shown in figure 3. 

 

 

Figure 3: Generalized schematic of ion implantation process  

 

1.2.2 Challenges in FEOL processing 

 

FEOL processing involves cleaning of wafer areas close to active device regions. During 

device fabrication, high temperature processes such as thermal oxidation and diffusion can occur 

downstream, which can cause impurity diffusion into device regions. Therefore, efficient 

removal of contaminants is critical in FEOL cleaning steps which include pre-gate metal clean, 

pre-diffusion clean and contact clean. Single or polycrystalline silicon, SiO2, Si3N4 (used as etch 

stop layer) etc., are cleaned in the front end. Aggressive aqueous chemical systems such as 

piranha (H2SO4+H2O2), SC1 (NH4OH-H2O2-water mixtures) and SC2 (HCl-H2O2-water 

mixtures) are frequently used in the front end. Since this dissertation is related to the removal of 
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hardened photoresists, an attempt will be made to highlight areas where photoresist is used in the 

FEOL processing.  

 

The 2010 International Technology Roadmap for Semiconductor manufacturing (ITRS) 

highlighted that the development of new techniques and chemistries for cleaning and drying will 

be driven by a multitude of processes, such as new substrates for high mobility channels, 

epitaxial SiGe for source/drains, removal of high dose implanted resists and removal of small 

particles without impact to structures etc., [6]. Technology requirements for Front End Surface 

Preparation are listed in table 1. Silicon and oxide loss values (DRAM: 0.9 A0/cleaning step and 

MPU: 0.3 A0/cleaning step) in the table represent the total loss that can be tolerated for the 

combination of all post-gate, post-implant cleaning steps in which the extension areas are 

exposed. In case of DRAM devices, there may be only four resist cleaning steps, but system-on-

a-chip (SoC) RF and analog devices may have double and triple gates and could be subjected to 

12 or more resist strips, not including those associated with possible reworking of the photoresist 

layers. These devices should meet the material loss and particulate contamination requirements 

as mentioned in the table. 
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Table 1: Front End Surface Preparation Technology Requirements [6] 

 

 

 

As devices shrink, it is extremely difficult to maintain cleaning efficiency for photoresist 

stripping. Presently, dry methods based on O2 plasma and wet methods involving sulfuric acid 

peroxide mixtures (SPM) are used for stripping photoresists. Optimization of the strip/clean 

processes is essential for both yield and device characteristics. Perhaps, the most critical FEOL 

cleaning steps are after high dose ion implantation (HDIS). Plasma based ashing methods suffer 

from meeting stringent damage/oxidation/loss specifications of the ultra shallow junctions 

(USJs) and these dry methods also result in post-ash residues. Such residues, if left behind, 

would cause high contact resistances or affect device reliability. Besides, aggressive cleaning 

approach would lead to material/dopant loss and could change the electrical characteristics of the 

device.  



25 
 

In order to meet the technology requirements, alternative resist stripping methods are 

being investigated. Potential solutions for front end surface preparation predicted in 2010 ITRS 

roadmap are listed in table 2 [6].  As mentioned in the table, to address the materials loss issues 

associated with stripping and cleaning implanted photoresist, there is an increasing trend towards 

non-ashing processes. The presence of metal in the gate stack is driving interest and research 

around solvent chemistries instead of traditional SPM for resist stripping applications. All wet 

processes for resist stripping may not be feasible for all situations and research is in progress to 

enable non-ashing resist removal. The emergence of immersion lithography and new resist 

formulations for advanced lithography will pose additional new challenges on photoresist 

stripping and cleaning.   

 

Table 2: Front End Surface Preparation Potential Solutions [6] 
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1.2.3 Photoresists 

1.2.3.1 Photolithography 

 

Lithographic processes have been leading the way to miniaturization in semiconductor 

technology. Any lithographic process is characterized by its power to resolve the smallest 

dimension. For any lithographic process, the minimum resolution achievable is a function of the 

exposure wavelength (λ) and numerical aperture (NA) of the lens system [5] as shown in the 

relation. 

             

 

 

By increasing the numerical aperture (NA) or by decreasing the wavelength (λ), a higher 

resolution can be achieved. The most dominant approach being followed to improve resolution is 

to use a shorter wavelength light. In general, the lithographic process involves the following 

steps: 

I) Spinning of the resist, II) Mask exposure, III) Development of the resist, IV) DUV (248 nm) 

exposure, V) Heat treatment 

In a normal lithographic process, step I, II, III and V are most commonly followed. Heat 

treatment is employed to harden the resist without unwanted deformation of the resist structures.  

In some cases, in order to increase the stability of the resist pattern above the Tg of the resist 

Deep-UV curing is applied to form a thin cross-linked outer layer (~100 nm) of higher 

polymerization.  
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Initially, spectral lines of 436 nm (g-line) and later 365 nm (i-line) obtained from 

mercury arc lamps were widely used for lithography. Photoresists used for these lithographic 

resists are known as G-line (436 nm) and I-line (365 nm) near-UV resists. These resists typically 

consist of three components namely novolac resin, photoactive compound (PAC) and solvent. 

Novolac resins are phenol-formaldehyde based resins obtained by acid/base catalyzed 

polymerization of phenol and formaldehyde. The phenol-formaldehyde was later replaced by 

cresol formaldehyde resins for lithographic performance. The photoactive compound consists of 

diazonaphthaquinone (DNQ) sulfonic acid esterified with trihydroxybenzophenone [7,8] and 

these resists are also referred to as DNQ/Novolac or Novolac–diazonaphthoquinone resists. 

Upon exposure to light (436 nm or 365 nm), photoactive compounds undergo transformation to 

carboxylic acid that is soluble in a developer. The steps involved in the lithography of novolac 

based resists along with involved chemical reactions are shown schematically in figure 4. For 

specific applications, DUV exposure and heat treatment of DNQ/Novolak resist is performed 

after development for hardening the features. 
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Figure 4. Schematic of the fundamental steps of microlithography of novolac resist with 
chemical reactions involved [8] 
 

Like DNQ/Novolak resists, DUV (248nm) resists consist of three components, but are 

characterized by different chemical constituents. The main component is a base polymer resin                                       

(eg: Polyhydroxystyrene - pHOST). Photo Acid Generator (PAG) (eg: sulfonium based salts – 

F4PAG) and a solvent (eg: 2-heptanone) are the other two components of DUV resists [9-11]. 

Schematic of photochemical reactions involved during lithography of DUV resists are shown in 

figure 5. Photoacid generators, upon exposure to light release acid groups which react with the 

insoluble part of the base polymer and make them soluble. Acid is regenerated after each 
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reaction, which again reacts with other insoluble areas (catalytic action). These photo resists are 

called Chemically Amplified (CA) resists, because the acid concentration is amplified upon 

photochemical reaction [10]. The amplification of acid during the post exposure bake (PEB) 

causes chemical transformations in the resist which makes the exposed regions of the resist 

soluble in basic developers [11].  

 

 

 

Figure 5: Schematic of lithographic process using Deep UV resists [5,11] 
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1.2.4 Challenges in High Dose Implanted Resist Stripping (HDIS) 
 
 

Photoresist is a common masking material for etching processes in semiconductor device 

manufacturing. It is also used as mask for ion implantation process in order to enable precise 

control of the spatial distribution and concentration of dopants. Photoresist is not an inherent 

component of an IC device and it should be selectively removed after ion implantation. It is 

important that the removal processes should not introduce charging or device damage, and leave 

no residue or contamination that might affect subsequent processes.  

 

Figure 6 shows the various levels of ion implantation (ion dose vs energy) used in FEOL 

processing. Currently, ions of dosage ≥1E15 atoms/cm2 at lower energy (<100 keV) are used for 

the formation of ultra shallow junction (USJ) source-drain extension. Stripping of ion-implanted 

photoresist is a delicate process, particularly for doses greater than 1E15 atom/cm2 [13,14]. High 

dose ions penetrate (~20-30% of resist thickness) into the photoresist mask and transform the 

surface into a highly inert, hard layer called “crust” [15,16]. The standard Sulfuric-Peroxide 

Mixture (SPM) can be used for stripping resists exposed to low dose of ions (<1E14 atoms/cm2) 

at low energy (<100 keV) as shown in the shaded regions of figure 6 [17]. Resists exposed to 

high dose of ions during steps such as source-drain contact, isolation wells formation etc., are 

difficult to remove using wet chemical methods and require a high energy plasma process called 

ashing. 
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Figure 6. Capability of dry/wet cleaning methods for stripping ion implanted photoresist 
exposed to different dosage and energy during FEOL processing [17] 

 

Okuyama et al., studied the characteristics of ion-implantation on poly-isoprene       

(OMR-03), poly-vinyloxethyl cinnamate (OSR) and cresol novalac based photoresists [18]. They 

reported that the high energy (20-180 keV), high dose (1E14-1E16 atoms/cm2) implantation 

resulted in decrease of optical transmission and the resists became more mechanically, 

chemically and thermally resistant due to conversion to disordered graphite. These high dose 

implanted resists were not easily removable using conventional stripping formulations such as 

hot nitric and sulfuric acids and needed a forced oxygen recombination using O2 gas plasma for 

resist removal. Evidence of carbonized layer formation on positive photoresists after high dose 

ion implantation was observed by Orvek et al., [19]. The effect of ion beam energy (30-180 keV) 
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and current (33-110 µA), total ion dose (2.75E15-1.67E16 atoms/cm2), and implant species (As, 

Ar and P) on the thickness of the carbonized layer was reported.  SEM images of P+ ion 

implanted photoresists (Shipley Microposit 1400-31) with different exposure energy are shown 

in figure 7.  The thickness of carbonized layer increased from ~ 200 nm to 500 nm for an 

increase in the implant energy of P+ ion from 30 keV to 180 keV, respectively. 

 

 

Figure 7: SEM micrographs of the carbonized layer formed during a P+ implant as a function of 
the incident ion energy (scale marker = 1 µm) [19] 
 
 

Based on dry etch tests and SEM analysis, the total ion dose was shown to primarily 

affect the relative hardness of the carbonized layer with little effect on the thickness. The 

thickness of the carbonized layer was dependent on the ion species and ion energy due to the 

physical scattering mechanism within the resist.  The effect of ion species and energy on the 

thickness of carbonized layer is shown in Figure 8. Phosphorus ions are more effective in 

converting the resist to carbonized layer than arsenic and argon ions.  
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Figure 8. Plot of the measured thickness of the carbonized layer as a function of the incident ion 
energy for As+, Ar+, and P+ implants and the projected ranges of these ion species in AZ-111 
photoresists [19] 

 

The effect of ion beam interactions with polymer films was summarized by Venkatesan 

[20]. In an ion implantation process, ions transfer energy to the target atoms mainly through 

electronic ionization of target atoms (electron energy loss) and through direct collision 

displacement of target atoms (nuclear energy loss).  During ion implantation of polymer films, 

the polymer molecules undergo dissociation and the molecules of volatile species are selectively 

depleted leaving a predominant carbon based film.  Figure 9 shows the results of high energy          

(2 MeV) ion-polymer interactions as a function of dosage of Ar+ ion. As shown in the figure, for 

dosage ≤ 1E13 ions/cm2, different phenomena such as polymer crosslinking, chain scission, 

polymer dissociation, and ion induced polymerization could occur. Besides, higher ion dosage 

(>1E13 ions/cm2) could result in carbonization, inorganic compound formation, change in 
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polymer optical properties and electron transport.  However, current implantation processes 

utilize ion energy of less than1000 keV and some of these mechanisms may not apply. 

 

 

Figure 9: Typical ion- polymer interaction phenomena observed as a function of the dosage of a 
typical heavy ion, Ar+ at 2 MeV energy [20] 

 

The effect of high dose arsenic implantations of deep UV photoresists was studied by 

Kawaguchi et al., [21]. During the implantation process, volatile gases emitted from the 

degraded photoresist layer were monitored with a mass spectrometer, and the relative 

concentration of volatile species measured with respect to time is shown in figure 10. A 

dominant component with an atomic mass of 2 corresponding to molecular hydrogen and a 

minority component of nitrogen were observed for the high dose (5E15-1E16 /cm2) arsenic 
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implantation at 80 keV. Water vapor, oxygen, and carbon dioxide were present in much lower 

quantities. Additionally, surface characterization of the crust using Raman spectroscopy, 

Rutherford Backscattering Spectrometry (RBS), Hydrogen Forward Scattering (HFS) 

spectrometry, Secondary-Ion-Mass Spectrometry (SIMS), and angle-resolved X-ray 

Photoelectron Spectroscopy (XPS) showed that high dose implantation removed as much as 50% 

of the hydrogen in the photoresist.  

 

 
Figure 10: Outgassing of high dose arsenic implanted DUV photoresist during implantation [21]  
 
 

Raman spectroscopy is widely used as a standard characterization technique for carbon 

based systems.  Carbon can be present in different hybridized forms such as graphite (G) (sp2), 

amorphous (a-C) (sp,sp2,sp3) and diamond like carbon (DLC) (sp3). Table 3 shows the Raman 

shifts for different hybridization of carbon [22].  
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Table 3: Raman shift for different hybridization of Carbon [22] 

Carbon form  Raman shift (cm-1) 

Graphite (singe crystal) 1580 (sp2) 

Diamond (hexagonal) 1180 (sp3) 

Amorphous 
1490 (sp), 1580 (sp2 –G band ), 

1350 (sp3- D band) 

 

Raman scattering spectra for the arsenic and phosphorous implanted DUV photoresists 

are shown in figure 11 [21]. No evidence for traces of any hydrocarbon (C-H) stretching (around 

3000 cm-1) or aromatic rings (Raman shift: ~1000 cm-1) was seen in contrast to the 

corresponding spectra for unimplanted DUV photoresist (Figure 11a). In the implanted resist, 

evidence for a mixture of Diamond-Like Carbon (Raman shift:  ~1350 cm-1) and graphite 

(Raman shift:  ~1580 cm-1) was present. It was hypothesized that the surface contained a carbon-

rich layer of hydrogenated amorphous carbon consisting of a mixture of sp2 carbon clusters 

interspersed within a hydrogenated diamondlike carbon sp3 network (Figure 11 b,c). Estimation 

of the D-band to G-band ratio showed roughly 0.98±0.08 for arsenic implanted PR whereas 

phosphorous implanted PR showed a ratio of 1.20±0.04.  
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Figure 11. Raman spectra of (a) unimplanted DUV photoresist, 5E15 As/cm2 @ 80 keV 
implanted DUV photoresist, and (c) 1E16 P/cm2 @ 80keV implanted photoresist. Peaks are 
labeled as: (1) hydrocarbon stretching, (2) aromatic vibrations, (3) C–O symmetric stretching, (4) 
D Band, (5) G Band, and (6)  C ═ C stretching [21]. 
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Tsvetanova et al., investigated the nature of the crust formed on poly-hydroxy styrene 

based DUV resist and reported that the crust layer consists of cross-linked carbon chains, in 

contrast to amorphous or graphitic carbon. Solid state Nuclear Magnetic Resonance (NMR) 

analysis was performed on crust samples and any evidence for presence of amorphous carbon 

was not observed [23]. Similarity between the NMR spectra of the crust and the pristine PR 

indicated that the structure of the PR was partially preserved after implantation as indicated in 

figure 12. As shown in the figure, the chemical shifts detected in the range of 29-43 ppm 

correspond to the aliphatic carbon species in the backbone of the poly-4-hydroxystyrene (PHS), 

whereas the chemical shifts in range 115-154 ppm correspond to the aromatic carbon atoms of 

the side phenol rings.  

 

Samples of the crust layer were collected by “float off” method, by taking advantage of 

the fact that the crust layer was not soluble in organic solvents as compared to the bulk PR.  

Tsvetanova et al., suggested that this insolubility of the crust in common organic solvents such as 

DMSO was due to cross-linking. Additionally, as seen in the NMR spectra, the relative decrease 

in the chemical shifts at 115 ppm and 154 ppm inferred that the cross-linking occurred at meta 

and para positions of the aromatic rings by cleavage of phenol (O-H) and/or side protective (O-

R) groups. Hence the cross-linking of the PR resulted in a significant alteration of the chemical 

composition. Additionally, Raman spectroscopic analysis was performed on implanted PR 

samples as a function of power density (115 - 1.6E4 W/cm2) of the laser and all the observed 

spectra were similar to hydrogenated amorphous carbon films. Based on these results, it was 

concluded that for the range of ion implantation conditions explored in their work, the detection 
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of a form of amorphous carbon in implanted PR by Raman spectroscopy was a consequence of 

the laser-PR interaction.  

 
 
 

 
 

 
Figure 12: CP-MAS 13C NMR spectra of Pristine Resist and Crust (Dose: 1E15 As/cm2 @           

40 keV) [23] 
 

 

Depletion of hydrogen in the ion implanted PR film was detected by the Elemental 

(CHN) and TOF-SIMS analysis and the results are shown in table 4. It was observed that 

increase in implant energy resulted in decrease of the hydrogen concentration while the 

concentration of carbon and oxygen increased. Tsvetanova et al., hypothesized that the oxygen 

enrichment was due to the loss of hydrogen atoms in the cross-linking reaction and/or due to the 

oxygen uptake from the air in the environment during the storage of the wafer samples. Similar 

to NMR analysis, the variation in the elemental composition (also confirmed using XPS) of 
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implanted PR did not indicate any evidence for carbonization. Nanoindentation and XPS studies 

further confirmed that the cross-linking degree of the PR increased with the implant energy.  

 
Table 4: Elemental composition measured by CHN analysis [23] 
 

Samples C at. % H at. % N at. % O at. %*  

Pristine resist 42.38±0.91 49.62±1.06 0.41±0.01 7.59±0.19 

As 5keV 1E15cm-2 43.29±1.11 38.52±1.19 0.37±0.01 17.83±0.47 

As 40keV 1E15cm-2 55.43±0.50 30.89±0.70 0.48±0.01 13.20±0.12 

* The oxygen concentration was calculated by the difference to 100% 
 

 

On a patterned PR structure, depending on the ion implantation process, some portion of 

the resist will be highly damaged and some portion may remain undamaged or lightly-damaged 

as shown in figure 13. Stripping of this implanted resist using a wet chemical process results in 

undercutting of the crust by dissolving undamaged or lightly-damaged resists [24]. Undercutting 

is detrimental as fragments of the crust can return to the wafers as “fall on” defects and may also 

demand frequent cleaning of the equipments used. However, the portions of the crust that contact 

the silicon cannot be undercut and must be dissolved. The most extensive and difficult to 

dissolve regions of the crust typically occur near the Edge-Bead-Removal (EBR) region. Hence, 

stripping of the high dose implanted resist is a critical challenge in FEOL processing. Different 

techniques have been developed for stripping the high dose implanted resist in order to remove 

the crust and bulk resists completely.  
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Figure 13: Schematic of the wet clean process for stripping an ion implanted resist [24] 
 
 
 
1.2.5 Approaches for HDIS 

Several approaches have been developed for High Dose Implant resist Stripping (HDIS) 

and these approaches can be classified into three different types: 1) All- dry method,  2) Dry plus 

wet method and 3) All-wet method 

 

Forming gas (H2/N2) based all-dry process for stripping high dose implanted (1E16 

As/cm2) photoresist on silicon wafer was demonstrated by NanoClean Technologies Inc [25]. 

High dose stripping and cleaning was accomplished by following a sequence of process steps; 

initially, forming gas based plasma was used, which not only stripped the crust and bulk resist 

without overstrip, but also converted the post-strip residues to cluster like particles that retained 

the implant and photoresist impurities. Finally, a pulsating CO2 cryoaerosol under vacuum was 
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applied to remove the clustered residues. Low temperature downstream microwave (DSMW) or 

biased radio frequency (RF) based forming gas plasma was shown to remove majority of the 

resist from the wafer surface. This plasma also modified the residue, chemically and physically 

susceptible to removal by the cryoaerosol system. Additionally, physical momentum of CO2 

pellets in pulsating condition (300 to 900 psi) loosened the residue clusters and swept them away 

from Si surface.  

  
A clean high dose implanted resist strip process involving forming gas based plasma 

without substrate loss for 65 nm and 45 nm technology was demonstrated on Radiant Strip 

RdS320i (Axcelis Technologies) tool by Rounds et al., [26].  Multiple process steps with precise 

temperature control and optimized plasma chemistry as shown in table 5 was used for the 

stripping process.  

 

Table 5: Optimized RDS320i High Dose Implanted Resist Strip recipe [26] 

 

 

In this stripping process, crust removal was done at temperatures below the hard-bake 

temperature of the resist (about 100±20° C); then, bulk resist was removed by ramping the 

temperature of the wafer to about 300±30° C. Supplemental ion source (RF Ion-Assist) generated 

by a secondary plasma discharge from RF source, for soft ion bombardment on the resist surface 
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was used. The addition of RF Ion-Assist was essential to break the highly-carbonized outer layer 

of heavily-implanted resist (1E16 As/cm2) during the low temperature process step, and also for 

residue removal at high temperature. Use of the RF Ion-Assist minimized any risk of substrate 

erosion during the low-temperature step and was reported to reduce the time spent at low 

temperature as shown in figure 14. 

 

 

Figure 14: Temperature trace for post implant ash with and without RF Ion-Assist [26] 

 

Another widely used conventional dry technique for implanted resist stripping known as 

‘ashing’ process uses oxygen based plasma [27]. Over the years, O2 plasma stripping of 

implanted resists has tremendously improved; the resist stripping rates increased over time from 

30 nm/min (1980) to 15 µm/min (2010) [28].  The conventional practice for stripping the high 

dose implanted photoresist by oxygen plasma is to first remove the carbonized surface layer at a 

lower temperature, usually less than 1500 C and to then complete the stripping at elevated final 

process temperatures of 2500 C or higher. In oxygen based plasma, oxygen atoms rather than 
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excited state oxygen molecules are the primary reactive species responsible for removal of the 

photoresist in oxygen plasma [29].   

 

Generally, bulk photoresist contains marginal levels of solvent and chemically bonded 

nitrogen after the lithography process. During the ashing process, at elevated temperatures, the 

bulk resist will expand and volatiles present in the resist are rapidly removed as vapor, due to 

out-gassing. This vapor is blocked by the crust layer and results in photoresist ‘popping’, since 

the crust surface layer expands at a much slower rate than the underlying bulk photoresist [30]. 

The photoresist popping results in the formation of residues on the wafer and plasma chamber. In 

addition to popping, the type of ion source used during implantation process to plays a role in 

residue formation, by interfering in the ashing process [31]. For example, phosphorus implanted 

PR forms a PxOy rich layer during O2 plasma ashing and it seems to block the reaction between 

oxygen radicals and the resist, leaving residue after the ashing process.  

 

A low initial temperature of 1500 C reduces out-gassing from the bulk photoresist and 

also the chances of popping. However, this method suffers from a long process time and results 

in a low throughput, because at low temperatures, the removal rate will be low. An in-situ bake 

Process (ISBP) to increase the through-put of the ashing process without popping was developed 

by Park et al., [32]. In this ISBP process, the wafers are first heated in air at atmospheric 

pressure. This heating process helps to release the out-gassing without popping and to reach the 

process temperature faster. Comparison of process sequences of the conventional dual-

temperature ashing and the single-temperature ISBP ashing cycles in a downstream oxygen asher 

is shown in figure 15. 
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Figure 15. Comparison of process sequences of conventional dual-temperature ashing and 
single-temperature ISBP ashing cycles in a downstream oxygen asher [32]. 
 
 

All dry process for implanted resist stripping results in residue formation to some extent. 

Hence, a follow up wet cleaning process is needed for complete removal of the residues. 

Approaches to use a hybrid process of dry step followed by a wet chemical step have been 

investigated.  

 

A two step process of physical force pretreatment followed by Sulfuric-Peroxide Mixture 

(SPM) cleaning step has been developed by Totir et al., [33]. In this process, a high-velocity 

solid CO2 aerosol was used for pretreatment of the implanted DUV resist (1E16 As/cm2 at 
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40keV) for breaking and partially removing the crusted top layer of the implanted photoresist. 

This pretreatment produced circular openings on the resist surface, with diameters on the order 

of tens to hundreds of micrometers. No residue was observed after hot SPM (4/1:H2SO4/H2O2 at 

140° C) immersion treatment as a second step.  

 

A plasma-less stripping method for removal of resist doped with 1E16 As atoms/cm2 at 

40 KeV was developed by Takahashi et al., [34]. Complete removal of the resist was observed, 

when the resist was baked at 450° C for 60 seconds, followed by alternate dipping in sulfuric 

acid at 180° C and hydrogen peroxide at room temperature for 15 seconds, and ultrasonic 

cleaning in sulfuric acid for 5 minutes. However, this plasma-less stripping process requires 

different modules for performing the various steps.  

 
 

Yamamoto et al., investigated a wet ozone process for ion implanted resist removal [35]. 

Wet ozone was generated by bubbling ozone gas (10.2 vol%) at 600 C through hot water (700 C) 

and it was uniformly dispensed onto the photoresist surface under spin condition from a 

showerhead nozzle. The effectiveness of this process was investigated using positive-tone 

novolak photoresists implanted with B, P, and As ions at doses of 5E12–1E16 atoms/cm2 at an 

acceleration energy of 70 KeV. It was observed that this process was effective only in removing 

B-implanted (5E14 atoms/cm2) photoresist even that at a slow rate. 

 

Another interesting all wet method using the passivating and depassivating cleaning 

formulations for HDIS was developed by Visintin et al., [36].  They reported that liquid cleaning 

formulations comprised of an organosilane, Et3N and toluene selectively strip thin films of high-
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dose arsenic-implanted polyhydroxystyrene photoresist (2E15 As ions/cm2 @ 5 & 10 keV) and 

hardened carbonized crust without silicon/oxide loss. During the cleaning process, Self-

Assembled Monolayers (SAMs) of organosilanes were attached to the surface silanol groups in 

the SiO2 regions of patterned wafers.  The chloride ions generated in the liquid formulation were 

believed to attack the As–C bonds in the crust, disrupting the cross-linking, and subsequently 

forming strong As–Cl bonds to help loosen and remove the crust. However a depassivating 

formulation based on DMSO solution containing Et3N/HF was required to depassivate the SiO2 

surface and this could introduce fluorine contamination and over-etching of the oxide and silicon 

substrate layers.  

 

One of the most common chemistries used for unimplanted photoresist stripping is the 

Sulfuric-Peroxide Mixture (SPM). All-wet stripping methods based on high temperature SPM 

appear to overcome some of the limitations of dry stripping of implanted resists. When mixing 

room temperature sulfuric acid and 200 C water in appropriate ratio, increase in temperature of 

~1000 C was observed [37].  This exothermic nature of mixing sulfuric acid with water and/or 

hydrogen peroxide can be utilized for high dose implanted resist stripping by mixing the two 

chemicals together at the point of use. The reaction between sulfuric acid and hydrogen peroxide 

results in the formation of two oxidation agents, HSO5
- (peroxymonosulfate anion) and H3O2

+ 

(hydroperoxonium ion or hydroxyl cation (OH+)) according to the following equations [38].  

H2SO4 + H2O  =  H3O
+ + HSO4

-            (A) 
 

H2O2 + H2O    =  H3O
+ + HO2

-                (B) 
 

H2O2 + HSO4
- =  HSO5

- + H2O          (C) 
 
H2O2 + H3O

+  =  H3O2
+ + H2O           (D) 
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Activity of SPM can be increased by mixing preheated H2SO4 with H2O2; this could 

result in possibility of formation of active radicals such as OH· and HSO4
· from 

peroxymonosulfuric acid (H2SO5) or Caro’s acid. But, direct experimental validation on the 

formation rate of OH· and HSO4
· radicals is not available. Additionally, H2O2 itself can 

breakdown to form OH· radicals.  The radicals OH· and HSO4
· have higher oxidizing potential 

than Caro’s acid or H2O2 and their half-cell reactions are shown below [39]. 

   

 

 

The ViPR spray process and Enhanced sulfuric acid (ESA) process developed by FSI 

International and SEZ respectively, are being actively tested by the semiconductor industry [40]. 

In the ViPR process, higher SPM reactivity is achieved by raising its temperature to over 2000 C 

using steam injection. The ESA process uses much lower point of use temperature of 1400 C by 

adding a chemical additive that enhances the reactivity of SPM. Use of high temperature SPM 

process requires special tools and also exhibits poor ESH climate. However, use of hot SPM 

based process has certain limitations such as selectivity issue in high-k metal gate stack regions, 

high thermal budget etc. Hence, development of low temperature and environmentally benign 

wet chemical process is important.    
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1.2.6 Introduction to Activated Peroxide Systems  
 

 

Hydroxyl radical has a high oxidization-reduction potential as shown in table 4 and can 

be utilized as a powerful oxidant for different applications [41]. A method of producing hydroxyl 

radicals from hydrogen peroxide (H2O2) using metal ion catalyst (Fe2+/Fe3+) for oxidizing tartaric 

acid under acidic condition was developed by Fenton during 1894 [42] . Over several decades, 

the Fenton’s reagent (one part of iron to 5-25 parts of H2O2 (wt/wt) at a solution pH of 3-5) has 

been used as an effective oxidizing agent for treatment of organic contaminants in waste water 

and sludge. It is used for the destruction of wide range of organic contaminants like benzene, 

xylene, toluene, phenols, ethers, acids etc., dissolved in water to harmless compounds such as 

CO2, water and inorganic salts. 

 

 
Table 6: Standard Reduction Potential of selected oxidants [41] 
 

Redox Couple 
Standard Reduction 

Potential (Volts) 
F2/F- 2.87 

OH• /H2O 2.80 

O/H2O 2.42 

O3/O2 2.07 

H2O2/H2O 1.78 

HO2
•/H2O2 1.70 

 

Use of Fenton’s system for destroying different organic compounds (less than 1M 

concentration) such as ether, acids, phenol and phenolic contaminants and effluents from paper, 
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dye and pesticide industries etc., has been reported [43-50]. Reactions that can occur in a 

Fenton’s system have been summarized by Neyens et al., as follows [51]: 

 

  Fe2+ + H2O2 → Fe3+ + OH• + OH−                        k = 70M−1 s−1                            (1) 

OH• + Fe2+ → OH− + Fe3+                                    k = 3.2 × 108 M−1 s−1            (2)  

Fe3+ + H2O2 → Fe2+ + H+ + HO2
•                         k = 0.001–0.01 M−1 s−1        (3)  

               Fe2+ + HO2
• → Fe3+ + HO2

−                                   k = 1.3 × 106 M−1 s−1               (4) 

 Fe3+ + HO2
• → Fe2+ + O2 + H+                               k = 1.2 × 106 M−1 s−1               (5) 

OH• + H2O2 → H2O + HO2
•                                   k = 3.3 × 107 M−1 s−1                (6) 

 

From the reactions, it can be seen that, hydrogen peroxide acts not only as an OH· 

initiator (eqn. 1) but also as a scavenger (eqn. 6). The concentration of H2O2 is critical for the 

effectiveness of the oxidation process. Hydroxyl radicals can oxidize organic compounds (RH) 

by abstraction of protons, producing organic radicals (R•), which are highly reactive and can be 

further oxidized. An example of oxidation of benzene is shown in below. 

 

 

 

Catalyzed H2O2 Propagation (CHP) or Modified Fenton’s system has been used as an 

advanced oxidation process that uses higher concentrations of H2O2 (~ 2–25%) and different 

levels of various transition metal ions like Fe2+, Mn2+, Co2+, Cu2+ or Zn2+ as catalyst. Hydroxyl 
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radicals can also be generated by passing ozone into water (O3 + H2O = O2 + 2OH•) or by UV 

irradiation of hydrogen peroxide (H2O2 + hυ = 2OH•). A list of advanced oxidation processes 

that involves the generation of OH• radicals using H2O2 or O3 is shown in table [52].  

 
Table 7: List of typical Advanced Oxidation Processes [52] 
 

Homogeneous System 
 Heterogeneous Systems 

With irradiation Without 
irradiation 

With irradiation 
Without 

irradiation 
 

H2O2/Ultraviolet 
H2O/Ultrasound 
H2O2/Ultrasound 

O3/Ultraviolet 
Ultraviolet/Ultrasound/H2O 

 

O3/H2O2 

O3/H2O 
H2O2/Fe 2+ 
(Fenton's) 

 

TiO2/O2/Ultraviolet 
TiO2/H2O2/Ultraviolet 

 

Electro-Fenton 
 

 
 

Generation of hydroxyl radicals based on UV/H2O2 advanced oxidation process (AOP) 

has been widely investigated for treatment of contaminants in water [53-57]. Absorption of UV 

light by hydrogen peroxide molecule will increase its internal energy and the return of the 

molecule to the original energy state is often associated with homolytic dissociation of peroxide 

to form hydroxyl radicals. Crittenden et al., has developed a model for the kinetics of UV/H2O2 

oxidation of different organic compounds and summarized the rate constants for various 

reactions involving OH• [58] as follows: 
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H2O2 + OH• = H2O + HO2
•                              k = 2.7 x 107 M-1s-1            (7) 

OH• + HO2
- = HO2

• + OH-                               k = 7.5 x 109 M-1s-1            (8) 

H2O2 + HO2
• = OH• + H2O + O2                       k = 3.0  M-1s-1                    (9) 

HO2
• + HO2

• = H2O2 + O2                                k = 8.3 x 105 M-1s-1            (10) 

H2O2 + O2
•- = OH• + O2+ OH-                          k = 0.13  M-1s-1                  (11) 

OH• + OH• = H2O2                                          k = 5.5 x 109 M-1s-1            (12) 

OH• + HO2
• = H2O + O2                                  k = 6.6 x 109 M-1s-1             (13) 

HO2
• + O2

•-  = HO2
-  + O2                                  k = 9.7 x 107 M-1s-1            (14) 

OH• + O2
•-  = O2 + OH-                                     k = 7.0 x 109 M-1s-1            (15) 

 

One can see from the mentioned reactions, generation of different radicals is possible but 

at different rates. Hence, the availability of different radicals could provide a wide reactivity 

range for the oxidization process. The UV intensity and wavelength act as limiting factor for OH· 

radicals generation. Shorter wavelength (254 nm) UV light produced using higher intensity        

(>17 W/cm2) UV lamps has been reported to exhibit higher efficiency towards oxidation of 

organic compounds [53-58]. The wavelength of UV light influences the molar extinction 

coefficient of the peroxide molecule. The generation of OH· radicals increases with increase in 

molar extinction coefficient. Table 8 shows the molar extinction coefficient of peroxide molecule 

for different UV wavelengths [42].    
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Table 8: Molar extinction coefficients of H2O2 molecule [42] 

Wavelength 
(nm) 

Molar Extinction  Coefficient  
(M -1cm-1) 

250 23 

254 20 

300 0.94 

315 0.36 

 
 

Hence, by using a high intensity UV lamp operating at low wavelength, OH
. 

radicals can be 

generated to a greater extent.   

 
 
1.2.7 Corrosion issues in FEOL processing 
 
  

Introduction of high-k/metal gate has led to a significant advancement in transistor 

technology for achieving high device performance under low power applications. Figure 16 shows 

the schematic of transistors made with traditional poly silicon (poly-Si) and high-k/metal gate 

stack.  

 

Figure 16: Schematic of transistors made with poly-Si/SiO2 and high-k/metal gate stacks 
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Silicon dioxide (SiO2) is the traditional gate oxide material which has a k value of 3.9. 

The thickness of SiO2 gate oxide has been scaled down to a few atomic layers and this resulted in 

excess gate leakage current. Materials with higher k values such as HfO2 (k value: 30-40) and 

ZrO2 (k value: 25) are currently being used as gate oxide. By using these materials with a higher 

dielectric constant, one can have a thicker gate oxide with performance equivalent to a thinner 

SiO2 layer (Equivalent Oxide Thickness (EOT)) and issues like current leakage can be prevented.  

However, use of high-k materials with polysilicon gate has certain issues such as reduction in drain 

current and mobility, because doped polysilicon shows charge depletion effects at higher voltages 

which reduces the gate capacitance of devices especially made with thicker dielectric. Replacement 

of polysilicon gates by thermally stable, low work function metal gate has resolved such issues. 

During gate stack formation, thin metal layers are inserted between the high-k and the poly-Si 

electrode [59].  Such metal gate electrodes include titanium based materials like TiN, tantalum 

based materials like TaN or Ta2C, Molybdenum (Mo) or Ruthenium (Ru) [60].  

 

  The integration of dual metal gates for CMOS fabrication is very challenging. Two 

possible integration schemes are followed as shown in figure 17: (i) complete etching of the gate 

stack prior to hardmask removal and (ii) two step etching of the gate with intermediate stop on 

metal to allow hardmask removal in dilute HF solution with metal protecting the isolation areas. 

Ammonia-Peroxide Mixture (APM) (NH4OH/H2O2/H2O) is widely used to remove metal gate 

materials. After gate stack patterning, residual high-k contamination has to be removed from the 

source/drain areas without attacking the other layers present on the wafer. Dilute HF (0.1%) 

solutions are used for etching Hf based high-k dielectrics [61]. 
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Figure 17: Integration schemes for high-k metal gate stack [61]. 

 

Due to contact between the metal and the poly-Si, there is an increased risk of galvanic 

corrosion of the less noble material during wet chemical etching/cleaning/rinsing. Galvanic 

corrosion occurs when two (or more) dissimilar metals are brought into electrical contact in the 

presence of an electrolyte. When a galvanic couple forms, one of the metals in the couple 

becomes the anode and corrodes faster than it would corrode by itself, while the other becomes 

the cathode and corrodes slower than it would alone. Galvanic corrosion of poly-Si during the 

silicon oxide hardmask removal on the top of poly-Si/metal gate stack in dilute HF solution has 

been observed [62]. In aerated HF solutions, dissolution of silicon is the anodic reaction and 

oxygen reduction on the metal surface is the cathodic reaction, as shown below: 

 

Si + 6HF === SiF6
2- + 6H+ + 4e   (anodic reaction) 

              M 
O2 + 4H+ + 4e === 2 H2O            (cathodic reaction) 
 

The corrosion rate of silicon under coupled conditions would be higher than that under 

uncoupled conditions, if the exchange of current density for oxygen reduction on the metal 
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surface is high. Depending on the gate stack integration schemes and the metal thickness, the 

exposed area of poly-Si relative to the metal can be different as shown in figure 17.  

 

In order to understand the galvanic corrosion of poly-Si, variables such as metal gate 

type, area ratio (poly-Si/metal) and dissolved oxygen content have been investigated. Table 9 

summarizes the conditions and type of variables investigated to understand the galvanic 

corrosion of poly-Si/metal couple in HF solution. Garaud et al., observed that the galvanic 

corrosion current density increased with increase in the total fluoride content of the solution. 

Additionally, the poly-Si conductivity and dissolved oxygen content were shown to have an 

important effect on corrosion behavior [62]. Further, increase in the metal to poly-Si area ratio 

significantly increased the galvanic current leading to enhanced corrosion of poly-Si. 

 

Table 9: Galvanic corrosion of poly-Si/metal couple in HF solution 

Type of 
PolySi 
used 

Metal 
Gate 

Techniques 
Used 

Variables  Investigated 

Reference HF  
Concen 
-tration  

Dissolved O2 
Level 

Doping 
Level  of 
polySi 

PolySi to 
Metal Area 

Ratio 

Undoped 
TiN, 
Mo 

SEM 
0.2 and 
0.5% 

8.6 and 0.36 
ppm 

No 1:1 
Wada et al. 

[63]  

1E15 B 
and 

undoped 

Ru, 
TiN,   
Mo 

Polarization, 
Zero 

Resistance 
Ammeter,  

SEM 

0.5 and 2% 
O2 saturated, 
aerated and 

deoxygenated 
No 

1:1 and 
1:100 

Garaud et al. 
[62]  

Doped Mo 
Zero 

Resistance 
Ammeter 

1.5 % (with  
and without 

IPA) 
Not provided No 1:1 

Watanabe et 
al. 

[64]  
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The effect of water content in HF-Isopropyl Alcohol (IPA) mixture on galvanic corrosion 

between Mo and doped poly-Si was examined by Watanabe et al., [64]. They reported that the 

galvanic current gradually decreased with decrease in water content of HF-IPA mixture because 

the anodic reaction of silicon dissolution was inhibited by IPA. Galvanic corrosion studies 

reported to date have focused on HF concentrations (0.5 to 2 %) that are typically used for the 

removal of oxide hard masks. Very dilute HF (0.05 to 0.1%) solutions are used for selective 

removal of high-k materials with respect to SiO2 [65]. The effect of poly-Si doping on galvanic 

corrosion has not been explored in detail. Understanding the effect of very dilute HF solutions 

and doping level of poly-Si on galvanic corrosion is important for defect free patterning of high-

k/metal gate structures. 

 

1.2.8 Integration Challenges for Copper/Low-k Interconnects 
 
 

In a typical microprocessor chip, the device/circuit elements are connected to the external 

power supply through multiple metallization levels or interconnect. The function of an 

interconnect is to distribute signals and provide power/ground to various circuits or system 

functions on a chip. The individual metal lines are embedded in a dielectric material and isolated 

from other metal lines at each metallization level.    

 

Over a decade ago, aluminum (resistivity ~ 2.5 µΩ.cm) was used as the interconnect 

metal in devices with large feature size (>130 nm technology). Due to the need for faster devices, 

metals with lower resistance than aluminum are required to reduce the interconnect time delay. 

During 1997, IBM announced its full scale manufacture of chips that use copper (Cu) rather than 

aluminum (Al) and first implemented the copper interconnects in IBM’s seventh generation 
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CMOS technology [66]. Since then, copper (resistivity ~ 1.67 µΩcm) has become the metal of 

choice for fabricating submicron devices. Copper not only has the ability to reduce the 

resistance-capacitance product (RC) delay due to its lower resistivity, but also to increase the 

circuit reliability because of its higher electromigration resistance. Additionally, low-k (dielectric 

constant, k ~1.8 to 2.5) materials like porous silica, SiLK (polyphenylene), SiCxOyHz, 

methylsilsesquioxane (MSQ), TefronTM, amorphous carbon (F-doped) etc., are replacing the 

conventionally used silicon dioxide (dielectric constant, k ~ 4) in order to reduce the RC delay.  

Table 10 shows a comparison of properties of low-k materials with that of silicon oxide [67]. 

 

Table 10: Comparison of properties of low-k materials and CVD oxide [67] 
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If the semiconductor device dimensions were large, the circuit speed would be dominated 

almost entirely by the time constants associated with transistor operation and not by the 

interconnect structure. However, this is not the case as the device dimensions are shrinking 

nowadays. The increase in gate and interconnect time delay for Al/SiO2 and Cu/low-k 

interconnect schemes with evolving technology node is shown in figure 18 [68]. As seen from 

the figure, there is a substantial reduction in interconnect time delay when Al/SiO2 structures are 

replaced with Cu/low-k structures for a given technology node.  

 

 

Figure 18: Variation of gate and interconnect delay with technology node [68] 

 

Bohr has developed an expression for interconnect time delay (τ) of an interconnect 

structure, with a cross-section shown in figure 19 using a simple first-order model [69].  
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Figure 19: Schematic representation of interconnect system cross-section with capacitances [69] 
 

 

For such a structure, the interconnect time delay τ is given by assuming that the minimum 

metal pitch (P) equals twice the metal width (W), and the dielectric thickness above and below a 

metal line, equals the thickness of the metal line with length L  

                              Time delay (τ) = RC = 2ρεε0 (4L2/P2 + L2/T2) 

 where  

  ε = dielectric constant of the material (* commonly referred as ‘k’ in semiconductor field) 

  ε0 = relative permittivity of free space 

  Line resistance R = 2ρL/PT and  ρ = resistivity  

  Capacitance C = 2(CL+CV) = 2εε0 (2LT/P +LP/2T) 

  (CL = Lateral capacitance; CV = Via capacitance) 

 

Based on this relation, it can be stated that the performance of the interconnect array can be 

improved by decreasing the dielectric constant of the insulator as well as resistivity of the 
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conductor metal. When the metal lines become narrower with evolving technology node, the 

cross sectional area reduces, which causes an increase in resistance. Additionally, the thickness 

of the dielectric layer in between the metal layers reduces, which causes an increase in 

capacitance.  

 

The 2010 International Technology Roadmap for Semiconductors (ITRS) highlighted 

that the metal aspect ratio for contacts will be steadily increasing and the effective dielectric 

constant will be decreasing, as shown in tables 11 and 12. Beyond 45 nm technology node, 

contacts with aspect ratio greater than 40 and materials having dielectric constant values less 

than 3.1 are predicted to be used for memory devices. Formation and integration of such high 

aspect ratio structures is very challenging. 

 
Table 11: MPU Interconnect Technology Requirements predicted in ITRS 2010 [4] 
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Table 12: DRAM Interconnect Technology Requirements predicted in ITRS 2010 [4] 
 

 
 

 
 
 
 
 
1.2.9 Fabrication of Copper/low-k interconnects 
 

 

The use of Reactive Ion Etching (RIE) to pattern copper is impractical, because volatile 

copper compounds form only at elevated temperatures (>6000 C). A damascene or dual 

damascene process is used for fabricating copper/low-k interconnect. A schematic of dual 

damascene process is shown in figure 20. In this process, for each metallization level, the 

dielectric is first deposited and is then suitably patterned using photolithography. Subsequently, 

trenches and vias are etched in the exposed regions, using fluorine based plasma and the 

remaining photoresist is ashed in oxygen based plasma. The process of plasma etching as well as 

ashing, typically leaves some post etch residue on the bottom and side walls of the trench, which 

has to be selectively removed prior to the deposition of barrier layers and copper into the trench. 

If the residue is not removed effectively, it may lead to unacceptably high contact resistance 
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between consecutive metallization levels as well as adhesion problems between barrier films and 

the dielectric. After post etch removal, a diffusion barrier (tantalum) layer (~30 nm thick) and a 

copper seed layer (~70 nm thick) are deposited, followed by electrochemical deposition of 

copper for the bulk fill. The filling of the trenches leaves topography on the metal surface. 

Fabrication of devices with smaller features would become difficult with the presence of 

topography. Hence, it is essential to remove the topography after copper deposition. Currently, 

the final step of damascene process uses chemical mechanical planarization (CMP) to polish the 

excess metal away and provide local and global planarization.   

 

 
 
Figure 20: Schematic of dual damascene process [68] 
 
 

1.2.10 Chemical Mechanical Planarization or Polishing (CMP) 

 

Chemical mechanical planarization or polishing (CMP) is a process by which local and 

global planarization can be achieved through the combined action of chemical and mechanical 

forces. It is used to planarize and prepare the surface for the following lithographic step, 

avoiding depth of focus problems. It has become a key technology in Ultra Large-Scale 
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Integrated (ULSI) device manufacturing. Currently, it is the most cost-effective technique for 

removing excess electrodeposited copper and reducing topography by planarizing copper.  

 

In a CMP process, a wafer coated with metal and/or dielectric films is held in a rotating 

wafer carrier and pressed against a polymeric polishing pad, while slurry is delivered to the pad.  

Schematic of a first generation CMP tool is shown in figure 21 [70]. A typical CMP tool consists 

of a rotating platen that is covered by a polishing pad, and a wafer that is mounted face down 

within a carrier wafer. The retaining ring keeps the wafer in the correct horizontal position. Both 

the polishing platen and the carrier wafer rotate using a separate drive system and hence the 

CMP tool is called as a rotary tool. 

 

Figure 21: Schematic of a generalized CMP tool [70] 

 

The principal objectives of a CMP process are to remove films at a desired rate while 

planarizing the surface. Factors such as down force (pressure) on the wafer, relative velocity 

between the pad and the wafer and chemistry of a slurry system decide the removal rate and 
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planarization. During the polishing process, pressure is applied by a down force on the carrier 

and the slurry is supplied from above on the platen. Relative velocity between the pad and the 

wafer is a very important factor in determining the removal rate of the material and it depends on 

the magnitude of offset between the axis of the rotation of carrier and the platen. A large 

variation in relative velocity across the wafer and inefficient slurry distribution are the main 

disadvantages of the rotary tool. Actually, less than 50% of the dispensed slurry is used for 

planarization and the rest of the slurry runs off the pad and into the waste stream.  

 

The CMP tool is a very complex piece of equipment with various mechanical and 

electrical control systems. The number of platens can vary from one to three, depending on the 

complexity and generation of the tool. Commercially available CMP tools have 3 different 

platens assigned to specific applications in the order; platen 1 is used to remove 80-90 % of bulk 

copper, leaving a thin copper film without exposing the underlying Ta/TaN diffusion barrier. 

This is usually achieved by a slurry chemistry that can assist in a high copper removal rate of 

3000 to 5000 Å/min. The bulk copper polishing step is followed by a fine polish step to remove 

the remaining copper film on platen 2. The wafer is then transferred to platen 3. At this point, 

since tantalum has quite different polishing properties than copper, it is often desirable to switch 

to different polishing slurry and perhaps even a different polishing pad. Ideally, a 1:1 selectivity 

between tantalum and copper should be maintained in this polishing stage. The removal rate in 

this phase is typically around 300 Å/min. At the end of this polishing stage, the dielectric 

material is slightly overpolished in order to correct underlying topography problems left over 

from previous CMP steps and also to avoid dielectric faceting. After the barrier is removed, a 

post CMP clean step buffs and cleans the wafer. 
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A schematic configuration and a single platen of the Applied Reflexion 300mm LK CMP 

tool using a 4-head/3-platen architecture is shown in figure 22. This CMP tool provides high 

performance planarization for copper damascene, shallow trench isolation (STI), oxide, 

polysilicon, and tungsten applications [71,127]. Additionally, this tool implements in-line 

metrology, broadband spectroscopy based endpoint methods, and advanced process control 

capabilities for ensuring repeatability.  

 

 

 

Figure 22: Schematic configuration of Reflection 300 mm LK CMP tool [71,127]. 
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1.2.11 CMP consumables  

1.2.11.1 Polishing Pad  

 

One of the most important components of the CMP system is the polishing pad. During 

the CMP process, the polishing pad provides mechanical action through its asperities and the 

bulk thereby aids in transporting the slurry into the pad-wafer interface through micro-pores 

and/or grooves and also aids in transporting the used slurry and the polishing by-products away 

from the pad-wafer interface. A polishing pad is typically a polymeric-based material attached on 

top of the polishing platen. The pad must have sufficient mechanical integrity and chemical 

resistance since polishing is both a mechanical and a chemical process. The pads used in 

semiconductor manufacturing can be classified into three major types [72]. 

 

1) Type I: Felts and polymer impregnated felts (Rohm & Hass Suba ® Series) 

2) Type II: Microporous synthetic leathers (Rohm & Haas Politex ® Series) and 

3) Type III: Polymer sheets (closed cell foam) (Rohm & Haas IC1000® series, Cabot EPIC ® 

series) 

 

Type I and II are softer pads possessing lower specific gravity, more slurry loading 

capacity and greater compressibility due to the porous fiber structure impregnated on 

polyurethane [73]. Porosity is important because the pores aid in slurry transport and the pore 

walls aid in the removal of reaction products from the polish site. Hardness and compressibility 

have been found to affect planarity [74]. The harder and more non-compressible the pad, the 

lesser it will bend and conform to the wafer surface to remove materials at the low lying regions. 
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On the other hand, if the pad is too hard, it may cause defects such as scratching. If the pad is too 

soft, it will conform to the topography, and global planarity cannot be achieved. Typically, pad 

configuration consists of a stack of a soft pad under a hard pad, with the hard pad making contact 

with the wafer [75]. For example, a stack of IC 1010 (hard pad) and Suba IV (soft pad) is 

currently the system of choice used by many manufacturers.  

 

1.2.11.2 Slurry  

 

CMP slurry is a multi-phase and multi-component system consisting of fine abrasive 

particles that are dispersed in an aqueous solution containing one or more of various chemicals 

such as organic and inorganic acids and bases, anti-coagulating agents, surfactants, oxidizing 

agents, corrosion inhibitors, chelating and complexing agents, buffers and bacteriocides [76]. 

Slurry provides a combination of chemical and mechanical effects during polishing. The abrasive 

particle abrades the chemically treated surface of the polished material, exposing a new fragment 

of material for chemical attack. Silica, alumina or ceria particles in the size range of 50 to 150 

nm are most commonly used for making the slurries [77-80].  

 

A comparison of the characteristics of typical slurries used in CMP of metal and  

dielectric films is given in Table 11 [81]. Dielectric films such as  

SiO2 or fluorinated silicon dioxide (FSG) require CMP slurries that typically contain 10% by 

weight of silica particles at alkaline pH values, since the removal is mostly mechanical in nature. 

The bases used to adjust the pH are usually potassium hydroxide (KOH), ammonium hydroxide 
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(NH4OH), and tetramethyl ammonium hydroxide (TMAH) [82]. These slurries typically provide 

a removal rate of the order of 2500 Å/min.  

 

In the case of metal CMP, the slurry contains an oxidant, a complexant, pH buffers and 

corrosion inhibitor. Hydrogen peroxide (H2O2), potassium iodate (KIO3), ferric nitrate 

(Fe(NO3)3), potassium ferricyanide (K2Fe(CN)6), and hydroxylamine (NH2OH) are oxidants that 

have been used in the slurry formulation. The addition of complexing agents enhances the 

solubility of the metal and prevents the redeposition of the metal ions from the slurry on to the 

wafer surface. In certain cases where the oxidant-complexing agent combination results in high 

static etch rates, corrosion inhibitors are added to protect the lower regions during polishing. For 

tungsten CMP, the pH of the slurry is usually acidic ranging from 2 to 4. Slurries for copper 

CMP contain a smaller amount of abrasives (~ 3% by weight) and maintained at slightly acidic 

pH (4-6) values. The removal rates of copper in these slurries can be tuned to a value between 

500 to 6000 Å/min by controlling oxidizer, complexant and inhibitor concentrations.  
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Table 11: Comparison of the characteristics of typical slurries used in CMP [81] 

 Solid 
Content 

(weight %) 

 
pH 

 
Additives 

SLURRIES FOR CMP OF 
SiO2 AND FLUORINATED 

SiO2 (FSG) FILMS 

   

 
Fumed silica slurries 

 

 
~10 

 
11-11.2 Biocide, surfactant 

 
Colloidal Silica Slurries 

 

 
~ 30 

 
10 Biocide, surfactant 

 
Ceria Slurries 

 
0.1 to 4 

 
4 - 6 

Inorganic acids, amino acids 
to provide selectivity 

between nitride and oxide 
films 

SLURRIES FOR TUNGSTEN 
CMP 

   

 
Fumed silica slurries 

 
2 - 4 

 
1.5-3.0 

Oxidant (hydrogen 
peroxide, ferric nitrate), 

catalyst (metal ions), 
complexant 

 
Fumed alumina slurries 

 
2 - 4 

 
2 - 4 

Oxidant (potassium iodate, 
hydrogen peroxide), 

complexant, slurry stabilizer 
SLURRIES FOR COPPER 

CMP 
   

 
Colloidal Silica slurries 

 
2 - 4 

 
4 - 6 

Oxidant (hydrogen 
peroxide), complexant, 

corrosion inhibitor 
SLURRIES FOR TANTALUM 

CMP 
   

 
Colloidal Silica slurries 

 

 
8 -10 

 
9-10 

Oxidant (hydrogen 
peroxide) 
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1.2.12 Slurries used for Cu/Ta CMP 

1.2.12.1 Copper CMP 

Planarization of copper damascene structures is very challenging because copper is 

electrochemically noble. A potential-pH diagram for the Cu-H2O system constructed for 

different dissolved copper concentrations is shown in figure 23 [83]. Copper metal dissolves as 

Cu2+ ions in solution at acidic pH values (pH < 4) under oxidizing conditions. Similarly, copper 

dissolves in the form of HCuO2
- and CuO2

2- species, at alkaline pH conditions (pH > 13). The 

amount of dissolved copper can change the width of the stability regions. Copper oxides (Cu2O 

and CuO) are thermodynamically stable in the pH range 6-12. As the dissolved copper 

concentration increases, the Cu2+/CuO stability line shifts towards left from pH 7 to 4, and the 

stability region of CuO expands into alkaline pH values. Adding oxidizing agents such as H2O2 

and KIO3 can raise the oxidation potential and convert Cu to Cu2+ or its oxides. Currently, 

copper CMP slurries are used at pH of 4-6 with an oxidation potential of ~ 500mV.  

 

Figure 23: Potential-pH diagram for Cu-H2O system. [Activities of dissolved copper species = 
0.1 M, 10-3 M and 10-6 M] [83] 
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Reagents such as oxalic acid can serve as a complexing agent for copper. Figure 24 shows the 

potential-pH diagram for Cu-Oxalic acid-water system for a dissolved copper activity of 10-6 M 

and oxalic acid concentrations 0.1 M and 0.3 M. The presence of oxalate ions reduces the 

stability region of the copper oxides. It may be seen that Cu forms complexes with oxalic acid 

above 250mV. For oxalic acid concentration of 0.1 M, Cu(C2O4)2
2- anionic complex occupies the 

major portion of the stability region (pH 1-11), while the neutral complex [Cu(C2O4)] is 

predominant at an acidic pH values of less than 1. At alkaline pH values, the formation of cupric 

oxide and its dissolution in the form of anionic hydroxide species is thermodynamically 

favorable. Increasing oxalic acid concentration to 0.3 M results in increased stability of anionic 

copper oxalate complex, and decreased stability of the neutral complex. 

 

 

Figure 24: Potential-pH diagram for copper-oxalic acid-water system for dissolved copper 
activity of 10-6 M in oxalic acid (0.1 M, 0.3M) [84] 
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During copper CMP, corrosion of copper in the low lying areas can occur, while the 

higher areas are selectively removed by pad contact. Hence, a corrosion inhibitor is generally 

added to the slurry to protect low lying areas by forming a passive film. Additionally, the 

inhibitors protect the film from further oxidation and corrosion before cleaning. Benzotriazole 

(BTA) is an example of a corrosion inhibitor used in copper CMP formulations and the 

interaction of BTA with copper has been extensively investigated [83-88]. The formation of 

insoluble thick multilayered Cu-BTA film is known to be responsible for the corrosion inhibiting 

properties of BTA [89,90]. Hydroxamic acids, which are synthesized by the reaction of an ester 

with hydroxylamine in alkaline solutions, are known to chelate cupric ions very strongly. The 

use of salicylhydroxamic acid (SHA, C7H7NO3), as an inhibitor for copper has been reported in 

the literature [91]. The chemical structure of BTA and SHA is shown in Figure 25. 

 

 

 

 

 

Figure 25: Chemical structure of (a) BTA and (b) SHA 

 

The potential-pH diagram for Cu-BTA-water system is shown in Figure 26 for an 

assumed copper activity of 10-4 and BTA activity of 0.01 [92]. Formation of a highly insoluble 

compound (Cu-BTA) is thermodynamically possible in a wide pH range from 3-11, due to the 

reaction of BTA- ion with the cuprous ion. At pH 4, the Cu-BTA compound is stable in a narrow 
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potential range from 0 V (vs. SHE) to 0.45 V (vs. SHE). The copper oxides dominate the 

alkaline region.  

 

 

 

 

 

 

 

 

 

 
Figure 26: Potential-pH diagram for Cu-BTA-water system for activity of the dissolved copper 
species = 10-4 and BTA species = 0.01 [92] 

 

Slurries containing different organic compounds as complexing agents have been 

extensively investigated for copper CMP. Earlier, ferricyanide and nitric acid based slurries 

containing alumina abrasives were used for copper CMP [93], but they are currently replaced by 

hydrogen peroxide based slurries containing silica abrasives. Hydroxylamine based slurris 

containing silica particles has been extensively investigated for copper CMP [94-98]. 

Hydroxylamine (NH2OH) tends to function as an oxidizing agent at acidic pH values and as a 

reducing agent at alkaline pH values [99]. Maximum copper dissolution rates in 0.5 M 

hydroxylamine solution was reported to exhibit in the vicinity of pH 6 [100]. A free radical 

based dissolution mechanism of copper in hydroxylamine was proposed by Carter et al., [101].  

 

0 2 4 6 8 10 12 14
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

CuBTA (s)

CuO

Cu
2
O

Cu2+

Cu

 

 

E
 v

s 
S

H
E

, (
V

ol
ts

)

pH

Cu = 0.0001 M, BTA species = 0.01 M

0 2 4 6 8 10 12 14
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

CuBTA (s)

CuO

Cu
2
O

Cu2+

Cu

 

 

E
 v

s 
S

H
E

, (
V

ol
ts

)

pH

Cu = 0.0001 M, BTA species = 0.01 M

0 2 4 6 8 10 12 14
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

CuBTA (s)

CuO

Cu
2
O

Cu2+

Cu

 

 

E
 v

s 
S

H
E

, (
V

ol
ts

)

pH

Cu = 0.0001 M, BTA species = 0.01 M

0 2 4 6 8 10 12 14
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

CuBTA (s)

CuO

Cu
2
O

Cu2+

Cu

 

 

E
 v

s 
S

H
E

, (
V

ol
ts

)

pH

Cu = 0.0001 M, BTA species = 0.01 M



75 
 

Hydrogen peroxide (H2O2) is the most commonly used oxidizing agent in copper CMP 

slurries. Removal rates during CMP and static etch rates of copper in H2O2 solutions at pH 4 was 

investigated by Du et al., [102]. They reported that the copper removal rate increased with H2O2 

concentration and reached a maximum of 180 nm/min in 1% H2O2. With further increase in 

H2O2 concentration, the removal rate decreased and then leveled off beyond 5% H2O2.
 The 

decrease in copper removal rate with increasing H2O2 concentrations was attributed to the 

passivation of the copper surface.  

 

Investigation of hydrogen peroxide-glycine based chemical system for copper CMP was 

reported by Hariharaputhiran et al., [103]. In such slurries, glycine acts as a complexing agent for 

copper whereas hydrogen peroxide acts as an oxidizing agent. The presence of abrasives in the 

slurry was reported to show roughly twice the removal rate of copper, when compared to the 

system without abrasives. Due to the complexing action of glycine the copper solubility can also 

be achieved at higher slurry pH (pH 10) [104]. Additionally, passivation of copper in glycine 

based slurries was observed by Aksu et al., at neutral pH values, when the H2O2 concentration 

exceeded low threshold concentrations (1 wt%) [105]. Formation of such protective film could 

assist in achieving high selectivity and good planarization simultaneously during copper CMP.  

 

Glycine and citric acid in hydrogen peroxide based slurries for copper CMP was 

compared by Gorantla et al., [106]. High copper removal rates were observed with citric acid-

peroxide system at acidic (pH 4) conditions whereas glycine-peroxide system showed higher 

copper removal rates at alkaline (pH 8) conditions. However, the performance of citric acid as a 

complexing agent was found to be comparable to that of glycine [107].                    
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Oxalic acid is another widely used complexing agent for copper in CMP as well as post-

CMP cleaning. Gorantla et al., investigated the dissolution and CMP behavior of copper in 

aqueous media containing oxalic acid and H2O2 [108]. The pH of the slurry plays a very 

important role in determining the chemical interactions between oxalic acid and copper surface. 

Oxalic acid formed a soft blue passivation film on the surface of copper at pH 1.5, which can be 

easily abraded during polishing. The formation of this passivation film led to a low copper 

dissolution rate (30 nm/min) whereas considerable CMP removal rate (1000 nm/min) was 

observed at an applied pressure of 6.3 psi. Aksu has reported that the formation of solid cupric 

oxalate at relatively low pH could be the reason for this passivation behavior and hence oxalic 

acid is expected to behave as an inhibitor under conditions that are suitable for stable solid cupric 

oxalate formation [109]. A pH controlled slurry containing oxalic acid, hydrogen peroxide, and 

fumed silica for copper CMP has been developed by Janjam et al [110].  By adjusting the pH of 

the slurry, planarization of copper can be tuned to remove bulk Cu at high rates at pH 3 and 

residual Cu at lower rates at pH 5–6. 
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1.2.12.2 Tantalum CMP 

 

Chemical Mechanical Planarization of tantalum requires slurries containing higher 

abrasive concentration and applied pressure compared to copper CMP, since tantalum is a more 

stable and hard metal. A potential-pH diagram for the Ta-H2O system for a dissolved tantalum 

activity of 10-4 is shown in figure 27. As shown in the figure, tantalum tends to form a layer of 

oxide (Ta2O5) and it is the only stable product formed when exposed to water. Hence during Ta 

CMP, different removal rates could be observed depending on the slurry chemistry due to the 

difference in the dissolution and abrasive rate of the passive oxide film.   

 

 

Figure 27: Potential-pH diagram of Ta-H2O system (Ta activity: 10-4)  
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Alumina and silica based chemical systems have been investigated for Ta CMP. 

Polishing of tantalum in peroxide based chemical system in the presence and absence of 

abrasives at different pH values, at a pressure of 6.3 psi, was studied by Jindal et al., [111]. They 

have reported that the polishing of tantalum at all investigated pH values in the absence of 

abrasives showed no removal, which indicated the absence of direct dissolution in peroxide 

based system. At pH less than 4, the removal rate of tantalum in the presence of silica particles 

(~60 nm/min) was higher compared to alumina particles (~15 nm/min). Tantalum removal in 

peroxide system was predominantly a process of removal of the pentoxide film at all the pH 

values by mechanical abrasion.  

 

The effect of pH and H2O2 concentration on Ta CMP was investigated by Kuiry et al., 

[112]. Oxidization of Ta metal in aqueous solutions at pH 2, 4, and 12 in the absence of H2O2 

was reported and the oxidation rate was observed to be higher in alkaline region than in acidic 

region. Tantalum dissolved in the alkaline region in the presence of H2O2 and the dissolution was 

found to be greater (~250 nm/min) at pH 12 mainly because of enhanced dissociation of H2O2 in 

alkaline region. The polishing of tantalum in fumed silica and alumina based slurry at a pressure 

of 6.3 psi was studied by Hariharaputhiran et al., [113]. They reported that the addition of 

oxidants to the slurry decreased the tantalum removal rate (67±13 nm/min for 3% alumina in DI 

water and 48±3 nm/min for 3% alumina, 5% H2O2 and complexants in DI water); this decrease 

in removal rate was attributed to the enhanced formation of a thick passive oxide film, which is 

harder than tantalum and hence, difficult to remove. 
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Tamilmani et al., have explored hydroxylamine and peroxide based chemical systems for 

tantalum CMP [84]. The removal rate of tantalum decreased with decreasing pH in 0.5M 

hydroxylamine solution at a downforce of 9 psi and the highest removal rate (~200 Å/min) was 

obtained at pH 8. However, in peroxide solution, the removal rate is ~50 Å/min and was 

independent of pH.  

 

Possibility of using 3,4-dihydroxy benzene sulfonic acid as an oxidizer for tantalum CMP 

has been investigated [114,115]. The effect of various oxidizing agents such as peroxide, 

persulfate and periodate on the removal rate of tantalum in 1% colloidal silica based slurry is 

shown in Table 14.  The highest removal rate of tantalum has been reported at pH 2 with higher 

E0 values and the oxidizer effectiveness for tantalum removal follows the trend persulfate > 

peroxide > periodate.  

 

Table 14: Removal rate of tantalum as a function of oxidizer type [116] 

 

pH 2 pH 10 

E0( V vs SHE) 
Ta removal rate 

(A0/min) 
E0( V vs SHE) 

Ta removal rate 

(A0/min) 

H2O2 1.66 330 1.18 54 

K2S2O8 2.00 580 1.53 20 

KIO3 1.05 150 0.58 16 
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Tantalum undergoes oxidation in aqueous environments to form the native oxide (Ta2O5), 

as shown in Figure 27, which typically has a thickness of 20 Å. The pentoxide film is chemically 

inert due to its very limited aqueous solubility and solution reactivity. The mechanism of 

tantalum removal in 1% colloidal silica based slurries during polishing, at a pressure of 1.35 psi, 

was reported by Zhang et al., [116]. Tantalum removal was observed to be directly proportional 

to polishing time at different pH. The tantalum removal mechanism was proposed as a two step 

process. The first step is the formation of native oxide (Ta2O5) on the tantalum surface. Under 

CMP conditions, the native oxide covering the tantalum is reformed as suboxide, TaxOy. The 

second step is the removal of the suboxide, thereby exposing a fresh tantalum surface for further 

reactions. A schematic diagram showing the difference between tantalum surface functionalities 

at pH 2 and 10 is shown in Figure 28. 

 

 

Figure 28: Schematic diagram showing the difference between surface functionalities at pH 2 
and 10. (The intermediate state of the tantalum oxide is represented by TaxOy with a slightly 
reduced thickness) [116]. 
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Tantalum oxide films formed during polishing were removed easily at low pH (pH 2) compared 

to high pH (pH 10). Zhang et al., reported that the ease of mechanical removal at low pH might 

result from enhanced interactions of tantalum surface functionalities with abrasive or solution 

species. The zeta potential of silica is nearly zero at pH 2 and tantalum has an isoelectric point 

(IEP) near pH 3.5. This difference in surface functionalities results in stronger interactions with 

abrasive particles at low pH thereby assisting in enhanced tantalum removal during polish. 

 
 

Another mechanism of tantalum removal in slurries containing silica particles during 

CMP was reported to be through a so-called ‘‘chemical tooth’’ action, as established by Iler et 

al., [117,118]. A coordinate linkage is formed between tantalum surface and the ~SiOH groups 

as shown below. During polishing, the movement of silica particles leads to the rupture of bonds, 

which in turn, contributes to the removal of tantalum.  
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1.2.13 Issues with conventional Chemical Mechanical Planarization (CMP)  

 

Conventional CMP processing for Cu/SiO2 structures uses high applied pressure              

(~5-8 psi).  The introduction of low-k materials has necessitated the reduction of pressure that is 

used during CMP. Success in copper CMP processes is judged not only by the final planarity of 

the surface, but also by the amount of copper loss, uniformity across the wafer, defects, particles, 

residues, oxide loss, corrosion and the over-all cost of the process. During the CMP of patterned 

copper samples, two phenomena, namely, copper dishing and inter layer dielectric (ILD) erosion 

could occur. A schematic representation showing the effect of interconnects thickness on 

dishing, erosion, oxide and copper loss is shown in figure 29 [119]. Dishing is the loss in 

thickness of the inlaid material and is usually a result of mechanical action. Erosion is another 

pattern-dependent problem that also reduces planarity due to localized oxide removal. 

Acceptable level of dishing and erosion are < 200 Å on 100 µm feature and < 100 Å on 90% 

pattern density area, respectively. 

 

 

Figure 29: Pattern dependent problems of dishing and erosion in copper CMP [119] 
 

 

 



83 
 

Conventional CMP processes that are currently in use suffer from certain limitations that 

are making it difficult to extend to the fabrication of sub-45 nm devices that use ultra low-k 

dielectrics. These limitations include high dishing/erosion and film delamination/peeling due to 

high pressure [120]. Since removal rate in CMP is usually a function of pressure, moving to low 

pressure processes may be a solution but this may result in low removal rates. To overcome this 

drawback, variants of CMP are being actively investigated.  

 

A modification of the conventional CMP process, known as Electrically-assited Chemical 

Mechanical Planarization (ECMP), has emerged as a promising alternative. In this method, a 

metallic film, typically copper, is polarized anodically by an applied voltage, while a pad makes 

mechanical contact with the film at very low applied pressure (< 0.3 psi) [121,122] such that, the 

copper film does not delaminate from the underlying low-k film. The ECMP process works on 

the basis of dissolution of metal by applied current/voltage, which is directly related to the 

removal rate. Figure 30 shows the Cu removal rate and the planarization efficiency during Cu 

ECMP in oxalic acid solutions containing an inhibitor (5-phenyl-1-H-tetrazol (PTA)) and 

chelating agent (hydroxyethylidenediphosphoric acid (HEDP)) [123]. Planarization efficiency 

greater than 90% with Cu removal rate ~ 600 nm/min was reported for 500mV applied potential. 

Increasing the applied potential results in increased copper removal and decreased the 

planarization efficiency after 1V. Additionally, increasing the inhibitor concentration (from 1M 

to 2M PTA) reduced the removal rate. 
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Figure 30: Planarization efficiency and Cu removal rate Cu ECMP electrolyte containing 0.29 M 
HEDP, 0.065 M oxalic acid, and either 1.0 mM PTA (—) or 2 mM PTA (- -) at pH 3 [123] 
 
 

 

Comparison of copper and barrier layer peeling in a conventional CMP and an ECMP 

process is shown in figure 31 [124]. As shown in the figure, no copper and barrier layer peeling 

was observed in the ECMP process carried out at a very low pressure of 0.3 psi. However, in the 

conventional CMP process, both copper and barrier layer peeling were observed at a pressure of 

1.9 psi.  
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Figure 31: Comparison of copper and barrier layer peeling in a conventional CMP and an ECMP 
process [124] 

 

 

ECMP allows modification of the polish recipe based on the thickness profile of the 

wafer to be polished. The applied current can be varied at different radial ‘zones’ on the wafer, 

thereby allowing control of removal rate to desired values [125]. Copper removal profiles by 

ECMP process conducted on platen 1 of 300 mm ECMP tool at 0.6 psi is shown in figure 32. The 

thickness profile shows a copper film thickness of ~9000 A0 at the centre and ~10000A0 at the 

edge of the incoming wafer. By tuning the electrical bias across the radial position of wafer, 

desired Cu removal can be achieved resulting in a planar (2000 A0) post Cu film. Due to 

enhancement of electrochemical factors, the particulate content of the slurry can be significantly 

reduced, or in some cases eliminated [126]. 

Cu peeling No Cu peeling No Cu peeling

Barrier peeling Barrier peeling No Barrier peeling

CMP – 1.9 psi CMP – 1.2 psi ECMP – 0.3 psi

Cu peeling No Cu peeling No Cu peeling

Barrier peeling Barrier peeling No Barrier peeling

CMP – 1.9 psi CMP – 1.2 psi ECMP – 0.3 psi
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Figure 32: Copper removal profile by ECMP conducted on platen 1 of 300mm ECMP tool [125]  

 

A schematic representation of an ECMP tool is shown in Figure 33 [120]. This ECMP 

tool consists of a copper wafer at the top part which acts as an anode and a wafer carrier rotated 

by a motor. The electrolyte is delivered from the top. The cathode is a conductive plate which is 

present in the bottom part. A perforated polishing pad is attached to the conductive plate in order 

to allow the electrolyte to make ionic contact with the cathode surface. The rotation of the platen 

is controlled by a bottom motor. As shown in the figure, the tool has been coupled with a power 

supply to apply an anodic bias to the wafer.  

 

 

 



87 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33: Schematic representation of an ECMP tool [120] 

 

A commercial 300 mm ECMP tool, namely Reflexion LK 300 was developed by Applied 

Materials Inc. This tool performs electrochemical mechanical planarization in copper/low-k 

applications at the 45-nm node and beyond. This ECMP tool has three platen architecture for 

high performance planarization of copper damascene structure. Platen 1 is used to remove bulk 

copper assisted by applied voltage with a very low applied pressure (<0.3 psi), that assists in 
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minimizing the device pattern sensitivity. Second platen is used for fine polish to remove the 

remaining thin copper film and is followed by final barrier removal on platen 3. Reflexion LK 

ECMP tool also features key process control capabilities which provides film thickness 

information to accurately control bulk copper removal profile and endpoint detection.  

 

Anodic biasing of metallic film with respect to solution is typically done through 

conductive areas in the pad during ECMP. The conductive area can be a piece of embedded 

metal or a conductive coating. Kondo et al., designed a pad that consists of a surface carbon 

layer, an intermediate insulating layer, and an underlying cathode sheet as shown in Figure 34 

[128]. The soft carbon layer becomes an anode after contacting the copper surface during 

polishing and it also prevents damage to the copper surface. An adhesive sheet is used to stick 

the carbon pad onto the CMP platen. Improved within wafer uniformity can be achieved, as the 

insulating layer between the anode and the cathode acts as a cushion. More than a hundred 

electro-cells (5 mm thick), are fabricated inside the pad. 
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Figure 34: Conductive carbon pad used for polishing copper in the fabrication of Cu/low-k 
interconnect structures. [Inset: Electro-cell structure fabricated in the carbon pad] [128] 
  

 

The electrolyte is supplied through small holes in the platen and can flow along the 

channel between the anode and cathode and drains outside to the edge of the pad. This design 

prevents Cu2+ ions from being electroplated onto the cathode surface and also reduces the risk of 

delamination of the copper film, which often causes scratches on the wafer surface. The power 

can be supplied at the edge of the pad. In order to have an improved current efficiency, an inert 

anode material with a wide potential window for water stability is needed.  
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During the last few years, the ECMP technique has been actively explored for bulk 

copper removal in the fabrication of Cu-low k structures. However, the development and 

implementation of a full-sequence ECMP process, which includes the removal of the barrier 

layer as well, is in its infancy. ECMP formulations, as mentioned earlier, are designed to be more 

chemically active with very small or no solid content. Tantalum readily passivates in aqueous 

solutions and is not attacked by many chemical systems, and hence poses challenges to the 

development of ECMP formulations. Chemical systems that exhibit a 1:1 selectivity between the 

barrier layer and copper would be ideal for the barrier removal step of ECMP. ECMP of Ta at 

alkaline pH using peroxide based electrolyte, containing inorganic additives (e.g. phosphoric 

acid) and a small amount of abrasives (e.g. silica particles), was explored by Wang et al., [129]. 

An oxidizer free electrolyte containing sulfuric acid and a chelating agent such as ammonium 

citrate, with abrasive particles at pH 8-9, has also been found useful for Ta ECMP.  

 

The usefulness of 2,5 dihydroxy benzene sulfonic acid as a complexant for tantalum 

under ECMP conditions was demonstrated by Muthukumaran et al., [130]. Use of H2O2 as an 

oxidant for Ta and TaN removal during ECMP, in solutions containing DBSA and 0.1% silica at 

pH 10, with 0.5 psi applied pressure has been investigated. Results from this work showed that 

while reasonable Ta removal rates of ~200Å/min could be obtained at a current density of 0.5 

mA/cm2 using a 1.2 M peroxide concentration, TaN removal rates under the same conditions 

were rather poor at ~100 Å/min. Ta/Cu selectivity of ~1:1 and TaN/Cu selectivity of ~0.5:1 were 

obtained under the conditions quoted.  
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1.2.14 Explanation of the dissertation format 

This dissertation has been prepared in accordance with the format prescribed by the University of 

Arizona Graduate College Manual for Electronic Theses and Dissertations and is consistent with 

the formatting requirements of the Department of Materials Science and Engineering. I have 

presented my work in three chapters and five appendices. The overall problem and its context are 

introduced in Chapter 1. The present study which summarizes the most important findings of 

research described in each appendix is outlined in Chapter 2. The conclusion and future 

directions of this study are presented in Chapter 3. My contributions to each manuscript are 

summarized here. 

 

Appendix A. Effect of KIO 3 on Electrochemical Mechanical Removal of Ta/TaN Films  

 

All Electrochemical and Ta/TaN removal rate measurements were solely my work. Mary Kay 

Amistadi helped in analyzing the samples using ICP-MS. I wrote the complete manuscript and 

Dr. Nandini Venkataraman and Dr. Srini Raghavan helped in editing the manuscript. 

 

Appendix B. Electrochemical Mechanical Removal of Ta Films in Dihydroxybenzene       

Sulfonic Acid Solutions Containing Potassium Iodate  

 

Measurement of removal rate, selectivity and electrochemical studies were my work. Dr. 

Nikilesh Chawla of Arizona State University assisted in the Nanoindentation analysis of 

untreated and anodized Ta films. Paul Lee helped in X-ray photoelectron spectroscopy (XPS) 

measurements of samples whereas Dr. Shariq Siddiqui provided guidance in XPS analysis.  I 
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wrote the complete manuscript while Dr. Manish Keswani and Dr. Srini Raghavan gave many 

suggestions to improve the writeup. They also helped in editing the manuscript. 

 

Appendix C. Investigation of Galvanic Corrosion Characteristics between Tantalum 

Nitride and Poly Silicon in Dilute HF Solutions  

 

Electrochemical polarization and Galvanic corrosion studies, preparation of samples for SEM 

analysis and measurement of poly-Si galvanic corrosion rate were solely my work. Steven 

Hernandez helped in the FESEM analysis. I prepared the whole manuscript while Dr. Raghavan 

and Dr.Keswani provided guidance in the preparation of the manuscript. 

 

Appendix D. Development of an all-wet benign process based on catalyzed hydrogen 

peroxide (CHP) chemical system for stripping of implanted state-of-the-art deep UV resists  

 
I prepared the catalyzed hydrogen peroxide (CHP) chemical system, investigated the 

effectiveness of CHP system on implanted resist film, optimized the CHP chemical system for 

crust disruption, measured the extent of area removed using confocal microscope and performed 

the SEM and XPS measurements to confirm high dose implant resist removal. I also prepared the 

samples for SEM and XPS measurements. Steven Hernandez and Paul Lee helped in SEM and 

XPS measurements, respectively. Dr. Manish Keswani assisted in the XPS analysis. I wrote the 

manuscript and Dr. Manish Keswani and Dr. Srini Raghavan edited the manuscript. 
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Appendix E. Effect of Pretreatment of High Dose Implanted Resists by Activated 

Hydrogen Peroxide Chemical System for their Effective Removal by Conventional 

Sulfuric-Peroxide Mixtures  

 

The characterization of high dose implanted resist removal using SEM, EDS and XPS were my 

work. I also did the confocal microscopic analysis to estimate the extent of area removed from 

crusted resist samples. SEM and XPS analysis were performed with the help of Steven 

Hernandez and Paul Lee, respectively. I wrote the manuscript with the guidance of                               

Dr. Manish Keswani. Dr. Srini Raghavan edited the manuscript. 
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CHAPTER 2 

PRESENT STUDY 

 

The methods, results and conclusions of this study are presented in the manuscripts appended to 

this dissertation. The following is a summary of the most important findings from each appendix. 

 

Appendix A. Effect of KIO 3 on Electrochemical Mechanical Removal of Ta/TaN Films  

 

The use of KIO3 as an oxidant in DBSA based formulations in removing Ta and TaN 

barrier films under galvanostatic conditions was studied. Polishing of Ta and TaN films were 

performed at low pressures (~0.5 psi) in solutions containing 2,5 dihydroxy benzene sulfonic 

acid (DBSA) as a tantalum complexant, potassium iodate (KIO3) as an oxidant and a small 

amount of silica particles (~0.1wt%), under galvanostatic conditions. Variables such as pH, KIO3 

concentration and current density have been investigated to develop an optimized formulation.  

 

Solution containing 0.1M DBSA, 0.05M KIO3 and 0.1% silica particles removes 

tantalum and tantalum nitride at the rates of ~170 Å/min and ~200 Å/min, respectively at 

1mA/cm2 current density. Under the same conditions with the presence of 0.01M BTA as an Cu 

corrosion inhibitor, Ta/Cu selectivity of ~0.8:1 and TaN/Cu selectivity of ~0.9:1 as were 

achieved. 
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Appendix B. Electrochemical Mechanical Removal of Ta Films in Dihydroxybenzene 

Sulfonic Acid Solutions Containing Potassium Iodate  

 

Removal of Ta films has been investigated in solutions containing 2,5 dihydroxy benzene 

sulfonic acid and potassium iodate (KIO3) under conditions that exist during electrochemical 

mechanical polishing. Specifically, the films were abraded at low pressures (~0.5 psi) on a 

polyurethane pad under galvanostatic conditions. Variables such as pH, KIO3 concentration, and 

current density have been investigated to develop an optimized formulation.  

 

The nature of the oxide film formed on tantalum during the electrochemical abrasion 

process was investigated using x-ray photoelectron spectroscopy and nanoindentation 

techniques. At pH 4, the removal rate of tantalum in 0.1 M DBSA solution containing 0.05 M 

KIO3 and 0.1% silica at 1 mA/cm2 current density was ~170 A°/min. X-ray photoelectron 

spectroscopic and nanoindentation studies showed the formation of a softer film that closely 

resembles Ta2O5 during the application of anodic current. Based on the results, KIO3 appears to 

be a suitable oxidant for ECMP of Ta films. 

 

 
Appendix C. Investigation of Galvanic Corrosion Characteristics between Tantalum 

Nitride and Poly Silicon in Dilute HF Solutions 

 

In the formation of high-k/metal gate stack structures using the ‘gate first’ integration 

scheme, dilute HF is used for removing oxide hard mask and etching high-k. Metal gate (MG) 

consists of a layer of metal such as tantalum nitride (TaN), titanium nitride (TiN), molybdenum 
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(Mo) or ruthenium (Ru) on top of poly-Si. Due to contact between the metal and the poly-Si, 

there is an increased risk of galvanic corrosion between the two materials during wet chemical 

etching/cleaning/rinsing.  

 

Galvanic corrosion characteristics between poly-Si and tantalum nitride (TaN) (area ratio 

1:1 and 1:4) have been investigated in very dilute HF solutions (0.01 to 0.05%) containing 

controlled levels of dissolved oxygen. The increase in exposed cathode (metal) area as well as 

aeration results in higher corrosion of poly-Si. In de-aerated HF solutions (less than 0.5 ppm of 

O2), irrespective of the area ratio, there appears to be no silicon loss. Morphological changes on 

poly-Si due to galvanic corrosion have been confirmed using Scanning Electron Microscopy. 

 
  

Appendix D. Development of an all-wet benign process based on catalyzed hydrogen 

peroxide (CHP) chemical system for stripping of implanted state-of-the-art deep UV resists  

 

Stripping of photoresists (PR) exposed to high dose (>1E15/cm2) ion beams is one of the most 

challenging steps in FEOL processing. This is due to a refractory crust that forms on the resist 

surface during ion implantation. The use of catalyzed hydrogen peroxide systems in attacking 

and removing implanted (1E16 As/cm2) photoresist was investigated. CHP solution containing 

5mM Fe2+ and 20% H2O2 created pores on amorphous carbon and implanted PR films. 

Systematic investigation of variables such as hydrogen peroxide and catalyst concentration and 

time has led to the development of an optimal formulation for attacking the crust. Optical 

Microscopy, Confocal microscopy, Field emission scanning electron microscopy (FESEM) and 

X-ray photoelectron spectroscopy have been used to monitor the removal of the resist. It has 
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been found that effective removal of high dose implanted PR is possible by first exposing the 

resist to CHP solution at room temperature followed by immersion in 2:1 sulfuric acid-peroxide 

mixture (SPM) at 800C. 

 

Appendix E. Effect of Pretreatment of High Dose Implanted Resists by Activated 

Hydrogen Peroxide Chemical System for their Effective Removal by Conventional 

Sulfuric-Peroxide Mixtures 

 

All-wet-benign-process capable of stripping implanted photoresist has been 

demonstrated. The use of hydrogen peroxide systems activated by metal ion and/or UV light for 

disrupting crust formed on deep UV resist to enable complete removal of crust as well as 

underlying photoresist was investigated. Activated peroxide solution containing 5mM Fe2+ in 

20% H2O2 and UV irradiated 5% H2O2 at 400 C created pores on implanted PR films. Complete 

removal of PR having crust layer was possible by treatment with activated H2O2 solution for 15 

minutes followed by 2:1 SPM solution for 5 minutes similar to that of an industrial process. 

Optical Microscopy, Confocal microscopy and Field emission scanning electron microscopy 

(FESEM) have been used to monitor the removal of the resist and complete removal of crust as 

well as bulk resist has been confirmed by X-ray photoelectron spectroscopy (XPS). This work 

shows that the activated peroxide formulations can replace the current cleaning technologies, 

such as plasma ashing and high temperature wet cleaning thereby enhancing the EHS climate.  
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CHAPTER 3 

FUTURE DIRECTIONS 

 
The suggestions for future work are as follows: 

 

1. Investigate the effect of DBSA based system containing KIO3 oxidant on patterned 

structures  

 

2. Examine the DBSA based chemical systems for the removal of other barrier layers       

(WN, Ru). 

 

3. Design and development of conductive pads for ECMP : 

Electrical contacts- metal vs. other conductive layer coatings  

Placement of contacts for controlling electric field distribution  

Pad Surface and Mechanical Property Optimization for ECMP 

 

4. Development of near neutral chemical systems for one step removal of copper and 

barrier layer 

 

5. Optimization of activated peroxide system to decrease the exposure time prior to 

conventional SPM treatment 

 

6. Explore the use of non-metal catalysts such as borates, while at the same time determine 

residual metal levels after metal activated peroxide process sequence  
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7. Examine the activated chemical system on full wafers using an industrial tool 

 

8. Optimization of UV activated hydrogen peroxide system using high intensity and low 

wavelength UV light to decrease the exposure time prior to conventional SPM treatment 

 

9. Development of activated peroxide system with minimal use of SPM 

 

10. Develop a single step process of high dose implanted resist stripping using activated 

peroxide system. 
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APPENDIX A   

EFFECT OF KIO3 ON ELECTROCHEMICAL MECHANICAL REMOVAL OF              

Ta/TaN FILMS  
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Reproduced with permission from R.Govindarajan, N.Venkataraman and S.Raghavan (2009) 

Electrochemical Society Transactions, 19(7), 31-38 (2009), Copyright 2009 

The Electrochemical Society.  
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APPENDIX B 

ELECTROCHEMICAL MECHANICAL REMOVAL OF Ta FILMS IN 

DIHYDROXYBENZENE SULFONIC ACID SOLUTIONS CONTAINING                     

POTASSIUM IODATE 
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Reproduced with permission from R.Govindarajan, S.Siddiqui, M.Keswani, S.Raghavan,              

D.R.P. Singh and N. Chawla (2011) 

Electrochemical and Solid State Letters, 14(4), H156-H160 (2011), Copyright 2011 
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APPENDIX C  

INVESTIGATION OF GALVANIC CORROSION CHARACTERISTICS BETWEEN 

TANTALUM NITRIDE AND POLY SILICON IN DILUTE HF SOLUTIONS 
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APPENDIX D  

DEVELOPMENT OF AN ALL-WET BENIGN PROCESS BASED ON CATALYZED 

HYDROGEN PEROXIDE (CHP) CHEMICAL SYSTEM FOR STRIPPING OF IMPLANTED 

STATE-OF-THE-ART DEEP UV RESISTS 
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Reproduced with permission from R.Govindarajan, M.Keswani and S.Raghavan (2010) 

TECHCON Proceedings, Semiconductor Research Corporation, p. 1-4, (2010). Copyright 2010 

Semiconductor Research Corporation.  
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APPENDIX E 

EFFECT OF PRETREATMENT OF HIGH DOSE IMPLANTED RESISTS BY ACTIVATED 

HYDROGEN PEROXIDE CHEMICAL SYSTEM FOR THEIR EFFECTIVE REMOVAL BY 

CONVENTIONAL SULFURIC – PEROXIDE MIXTURES 
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(2011) 
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Effect of Pretreatment of High Dose Implanted Resists by                                          
Activated Hydrogen Peroxide Chemical Systems for their                                             
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Abstract:   
 

Stripping of photoresists (PR) exposed to high dose (>1E15atoms/cm2) ion beams is one 

of the most challenging steps in front-end-of-line (FEOL) processing. This is due to a refractory 

crust that forms on the resist surface during ion implantation. The objective of this study is to 

investigate the use of hydrogen peroxide systems activated by metal ion or UV light for 

disrupting crust formed on deep UV resist to enable complete removal of crust as well as 

underlying photoresist. Systematic investigation of variables such as hydrogen peroxide and 

metal ion concentration and UV intensity has led to the development of an optimal formulation 

for attacking the crust. Optical Microscopy, Confocal microscopy, Field emission scanning 

electron microscopy (FESEM) and X-ray photoelectron spectroscopy (XPS) have been used to 

monitor the removal of the resist.  A two step process involving pretreatment with activated 

hydrogen peroxide solution followed by treatment with sulfuric acid- hydrogen peroxide 

mixture (SPM) to remove crust and underlying resist has been developed.  

 
Keywords: High Dose Implanted Resist Stripping (HDIS), Photoresist, Activated hydrogen 
peroxide, Sulfuric Peroxide Mixtures (SPM) 
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Introduction 

 
In the processing of integrated circuits, implantation of ions of group III and group V chemical 

elements defines the source and drain of p-type and n- type MOS transistors respectively.  

Photoresist (PR) is typically used as a masking material during ion implantation. One of the most 

critical steps in the front-end-of-line (FEOL) processing is PR strip after source/drain extension 

formation and halo implantation (ultra shallow junctions). This is because high dose implants 

damage/modify the upper layer of a photoresist, forming a crust layer, which becomes practically 

impossible to remove using low temperature wet chemical based processes [1]. There is 

conflicting information in literature on the exact nature of the crust layer.  It has been shown that 

ion implantation of DUV resists at doses ≥ 1E15 atoms/cm2 chemically modifies the surface 

layer to amorphous or graphitic carbon as determined using Raman spectroscopy [2]. Also, there 

has been evidence of crust layer containing cross-linked carbon based on Nuclear Magnetic 

Resonance (NMR) analysis [3]. Cross-linking in DUV resists was reported to occur at meta and 

para position of the aromatic rings by cleavage of phenol (O-H) and/or side protective (O-R) 

groups.  

 

Different dry and wet stripping methods have been proposed for removal of photoresist 

doped with varying levels of ions. Dry stripping methods at temperatures > 2500 C are widely 

used to remove implanted resists [4] but these methods tend to cause particulate contamination 

and silicon loss and thus necessitate a follow-up wet cleaning step. An all dry cleaning process 

using forming gas (H2/N2) based plasma treatment followed by CO2 vacuum cryoaerosol 

treatment  has been reported to remove high dose implanted crust, bulk resist and residues [5]. It 

was observed that the plasma not only strips crust and bulk resist but converts post-strip residues 
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to cluster-like particles that can be removed using pulsating CO2 cryoaerosol under vacuum. A 

plasma-less stripping method for removal of resist doped with 1E16 As atoms/cm2 at 40 KeV 

was developed by Takahashi [1]. Complete removal of resist was observed when the resist was 

baked at 450° C for 60 sec followed by alternate dipping in sulfuric acid at 180° C and hydrogen 

peroxide at room temperature and finally ultrasonic cleaning in sulfuric acid. 

 

An interesting approach employing a combination of dry step based on high velocity 

CO2 aerosol and a wet SPM step has been shown to be effective in removing high dose (1E16As 

atoms/cm2 at 40 keV) implanted DUV resist [2]. Treatment of resist with SPM alone (4:1 

H2SO4:H2O2 at 140° C) for 10 minutes left behind resist residues. Pre-treatment with CO2 aerosol 

followed by immersion in hot SPM completely removed the resist with no traces of any residue.  

 

 Liquid based formulations containing an organosilane (Cl3SiMe), triethyl amine (Et3N) 

and toluene have  been used  to selectively remove high dose implant resist (2E15 As 

atoms/cm2 ) without any Si/SiO2 loss for both patterned and non-patterned wafers [6]. During the 

removal process, self-assembled monolayers (SAMs) of organosilanes were formed in SiO2 

regions of patterned wafers. Chloride ions released in the liquid formulation during the 

attachment of chlorosilane were believed to bind with As in the crust leading to its disruption.  

  

All wet cleaning methods based on high temperature SPM appear to overcome some of 

the limitations of dry stripping. VIPR spray process and Enhanced sulfuric acid (ESA) process 

developed by FSI International and SEZ respectively, are being actively tested by the 

semiconductor industry [7]. In the VIPR process, higher reactivity of SPM is achieved by raising 
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its temperature to over 2000 C using steam injection. ESA process uses much lower point of use 

temperature of 140° C by adding a chemical additive that enhances the reactivity of SPM. 

 

Two main challenges in all wet stripping are the removal of the crust on thin resist layers 

on silicon (aka resist footing) and compatibility with metal gates [8,9]. Additionally, very hot 

(>1500 C) SPM based resist stripping processes also pose a serious safety concern [10]. Reducing 

the temperature of the wet chemical strips could potentially reduce the energy footprint of the 

strip. Thus, there is a need for an alternative wet strip process that can remove the photoresist 

completely without the drawbacks of hot SPM processes.  

 

Hydrogen peroxide on its own is a relatively weak oxidant, but can form very powerful 

oxidants on activation.  In particular, the –O-O– bond in hydrogen peroxide is relatively weak 

and is susceptible to homolysis by metal ions, which can exist in multiple valence states.  For 

example, the use of iron based ions can catalyze decomposition of hydrogen peroxide. This 

reaction, also referred to as the Fenton’s reaction, typically employs one part of iron to 5-25 parts 

of H2O2 (wt/wt) at a solution pH of 3-5, with iron levels less than 20 ppm [11-14]. The Fenton’s 

system produces strong oxidizing radicals (OH·, HO2
·), based on the following reactions: 

 

Fe2+ + H2O2 → Fe3+ + OH· + OH-    (1) 

Fe3+ + H2O2 → Fe2+ + OOH· + H+  (2) 

 

In the first reaction, Fe (II) is oxidized to Fe (III) by hydrogen peroxide and a highly reactive 

hydroxyl radical is generated. The Fe (III) formed may further react with hydrogen peroxide 

according to the second reaction and produce perhydroxyl radical. Both radicals are known for 

their ability to oxidize a wide range of organic compounds.  
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Catalyzed H2O2 Propagation (CHP) or Modified Fenton’s reagent uses higher 

concentrations of H2O2 (~ 2–25%) and transition metal ions based on Fe, Mn, Co, Cu or Zn [15-

18].  In these high concentration peroxide systems, in addition to hydroxyl and perhydroxyl 

radicals, depending on the pH and peroxide concentration, formation of other reactive species 

such as superoxide radical anion (O2
·− – nucleophile) and hydroperoxide anion (HO2

− – strong 

nucleophile) has also been reported as shown below.    

 

OH· + H2O2 → HO
·
2+ H2O    (3) 

 HO·
2 → O2·

− + H+         (4) 

HO·
2 + Fe2+ → HO2

− + Fe3+   (5) 

 

The co-existence of the neutral radicals and anionic species can provide highly oxidizing 

conditions to attack organic compounds.   

 

Hydrogen peroxide can also be activated using UV light of wavelength 100-400 nm [19-

20]. Absorption of UV light results in an increase in the internal energy of the peroxide 

molecule. The return of the molecule to the original energy state is often associated with 

homolytic dissociation of peroxide with excess energy released in the form of heat.  

 

H2O2
  + hγ                           2 OH•            (6)                          

Factors such as wavelength and intensity of the UV light and hydrogen peroxide concentration 

play an important role in determining the oxidizing nature of the system [21-24]. Shorter 

wavelength (254 nm) and higher intensity (>17 W/cm2) have been reported to exhibit higher 

efficiency towards oxidation of organic compounds such as phenol, xylene, toluene 

etc.,dissolved in water.  
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The focus of this study is to develop a low temperature pre-treatment process using 

activated hydrogen peroxide that is effective in disrupting the crust on implanted resists  such 

that both crust and underlying resist can be stripped by conventional (≤ 1200 C) SPM. Metal 

(iron) Activated Peroxide (MAP) and UV-Activated Peroxide (UVAP) pre-treatment steps have 

been investigated in this study. 

 
 

Methods and Materials 
 

Feasibility of disruption of crust was initially investigated using amorphous carbon as a 

model compound. Amorphous carbon films (~ 90 nm) were deposited by RF decomposition of 

C2H2. Implanted resist films of ~1.5 µm thickness (1E15 and 1E16 As/cm2 dose) were provided 

by FSI International and Sematech, respectively. Samples diced to 1 cm x 1 cm were used for the 

experiments. Ferrous Sulfate (FeSO4.6H2O; 99.998% pure), Hydrogen Peroxide (30 wt%) and 

Sulfuric acid (96%) were purchased from Sigma-Aldrich. Sulfuric acid and ammonium 

hydroxide were used to adjust the pH of MAP or UVAP solutions.  

 

Stripping/removal experiments were conducted using immersion (static) and spin 

(dynamic) cleaning methods. In the case of immersion technique, the samples were first treated 

in MAP solution contained in a quartz beaker for 30 minutes and then exposed to 2:1 SPM 

solution for 5 minutes maintained at a predetermined temperature.  Spin cleaning experiments 

were carried out in a Laurell Spinner (WS-400-6NPP-Lite) with a quartz cover at 200 rpm. 

Resist samples were placed directly on vacuum chuck and MAP solutions were dispensed at 15 

ml/min flow rate. In the case of UVAP system, peroxide solutions were dispensed at 15 ml/min 

flow rate on PR samples under UV irradiation from a 254 nm UV lamp (Spectroline). The UV 
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intensity was adjusted in the range of 3 to 12.2 mW/cm2 by adjusting the distance between the 

lamp and the sample.  In the case of SPM solution, H2O2 (15 ml/min) at room temperature and 

H2SO4 (30 ml/min) preheated to 800 C were mixed using a quartz mixer just before dispensing on 

the spinning resist samples.   

 
Morphological changes after activated H2O2 (using metal ion or UV light) and SPM 

treatments were characterized using Leica DM4000B microscope operated using QCapture Pro 

5.0 software, Olympus Confocal microscope operated with LEXT OLS software and Hitachi 

S4800 FESEM. Chemical nature of samples was characterized with a KRATOS Axis Ultra 165 

X-ray photoelectron spectrometer using Al Kα X-ray radiation (1486.6 eV) and Energy 

Dispersive Spectrometer (EDS) attached with the S4800 FESEM.  

 

Potassium iodide (KI) dosimetry technique was used to determine the concentration of 

hydroxyl radicals generated during UV irradiation of different peroxide solutions. This technique 

is based on the measurement of UV absorbance at 355nm of I3
- ions formed in KI solution in the 

presence of hydroxyl radicals according to the following sequence of reactions [25].  

 
 
2OH·+ 2I -               2I· + 2OH –    (7) 
 
           2I·                 I2                        (8) 
 
   I - + I2                   I3

-                  (9) 
 

Firstly, standard solutions containing varying concentrations of I2 and KI were used to 

generate the calibration curve for absorbance of I3
- at 355nm (using UV-VIS spectrometer) 

versus its concentration. For the actual measurements, 0.2 M KI solution was pre-mixed with 
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H2O2 solution of known concentration and then exposed to UV light at 12.2 mW/cm2 for 

different times. From the measured absorbance, the hydroxyl radical concentration was 

determined using the calibration curve.  

 

Matrix Assisted Laser Desorption/Ionization (MA-LDI) Mass spectrometry was used to 

characterize the chemical composition of the bulk resist and crust through the determination of 

the molecular mass of resist fragments. A Bruker Ultraflex III MALDI TOF-TOF instrument 

equipped with a Nd/YAG laser (352 nm) was used to analyze samples that were deposited on a 

stainless steel MALDI plate. Dithranol was used as a matrix but samples were also analyzed in 

the laser desorption/ionization (LDI) mode (i.e., without adding the matrix). Both the reflectron 

and linear ion detection modes were applied. 

 
 
 

Results and Discussion 
 
 
Attack of amorphous carbon films 
 

Amorphous carbon (a-C) films were used as model for crust and the attack was 

investigated by immersing them in metal activated peroxide (MAP) solution for 30 minutes at 

room temperature followed by rinsing in DI water. The films were then cleaned in 1 M HCl for 2 

minutes to remove residual iron. MAP solutions (pH ~ 3) containing 20% H2O2 and different 

Fe2+ levels (1mM, 5mM, 10mM) were used and the results are shown in Figure 1.  It may be 

seen that treatment with MAP solution results in localized attack in the form of pores and the 

extent of attack is a function of Fe2+ level. The number of pores created in the presence of 5mM 

Fe2+ ions in 20% H2O2 was much higher compared to those created in 1mM and 10mM Fe2+ 
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containing hydrogen peroxide solutions. Line scan analysis of confocal microscopic images 

showed depth of pores ranging from ~ 30 nm to 90 nm. It may be noted that the depth of some of 

the pores is almost the same as the film thickness. MAP systems containing 5 mM Fe2+ at pH 1 

and 6 were also investigated but the performance was poor compared to pH 3 solutions.  

 

In order to compare the effect of SPM solutions with MAP solutions, amorphous carbon 

films were immersed in 2:1 SPM at 800C for 20 minutes. It was found that SPM was not 

effective in creating pores on the surface of the crust.  

 

 
Figure 1. Optical microscope images (magnification 1000x) of untreated (a) and MAP treated 
(30 minutes) amorphous carbon films (b,c,d) [(b)1mM Fe2+ (c) 5mM Fe2+ (d) 10mM Fe2+ in 20% 
H2O2 solutions at pH ~ 3]. 
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Pretreatment of Ion Implanted Photoresist samples (PR) 
 

The next set of investigations was focused on the use of MAP system for treating 

implanted resist films under spin conditions. As a first step, as deposited photoresist (PR) films 

(thickness ~ 1.5µm) and films exposed to As ion dosage of 1 E16/cm2 were characterized using 

cross-sectional FESEM and the results are shown in Figure 2.  Ion beam appears to have created 

a crust that is approximately 400 nm in thickness. 

 

 

Figure 2. Cross-sectional FESEM images of blanket (a) and arsenic ion beam (1E16/cm2) 
exposed (b) PR  
 

 
Figure 3a shows MALDI mass spectra (with the dithranol matrix) of as received DUV 

photoresist solution and spin coated unimplanted PR film dissolved in 2-heptanone. These 

spectra are characteristic of a polymer consisting of p-hydroxy-styrene monomer units (with a 

repeating unit mass of 120). The implanted sample, being in solid form, was subjected to LDI 

analysis ; the mass spectrum (Figure 3b) is significantly different showing peaks separated by 24 
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mass units that correspond to 2 carbon atoms, formally an acetylene (-C≡C-) polymeric unit. 

(Note that MALDI spectra with the DTH matrix were of poorer quality than the LDI spectra.)  

This indicates that at least some part of the crust is in the carbonized form. This finding is at odd 

with the results of Tsvetanova et al. [3], who did not see any evidence for carbonization.   

 
 

 
Figure 3. LDI-MS spectroscopic results of (a) PR dispersion and spun coated unimplanted PR 
and (b) PR implanted with 1E16 As/cm2 
 

Based on the results from amorphous carbon treatment studies, MAP system containing  

5 mM Fe2+ in 20% H2O2 at pH ~3 was used for further investigations. Confocal microscopy was 

used to inspect the untreated and MAP treated samples. As shown in Figure 4, untreated PR 

sample shows a smooth surface without any pores (Figure 3a).  In the case of sample treated for 

15 minutes (Figure 3b), localized attack throughout the surface may be seen.  It is interesting that 

the activated hydrogen peroxide creates only localized pores on the crust. This most likely 

indicates that the composition of surface of the crust is not homogeneous and there are areas on 

the crust that are more amenable to attack by hydroxyl radicals. A line scan along the surface of 

the MAP treated PR shows pores ranging from ~ 50 nm to ~700 nm in depth and ~0.1 µm to 
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~1.5 µm in diameter. The presence of pores with depth ~ 700 nm indicates that the crust (~400 

nm thick) has been attacked and access to bulk resist has been established.  

 

 

 
Figure 4. 3D Confocal microscopic images (magnification  14 KX) of  untreated  PR (a) and  
MAP (5 mM Fe2+ in 20% H2O2 at pH ~3) treated (15 minutes) PR (b).  Line scan shows pore 
depths of 0.436 µm to 0.708µm.  

 
 

Since the use of iron based chemical systems during Front-End-of-Line (FEOL) 

processing may introduce metal contamination, an alternative system where activation of 

hydrogen peroxide is carried out with UV light (UVAP) was also investigated. In these tests, 

H2O2 solutions at three different temperatures (22, 40 and 80° C) were dispensed on rotating PR 

samples under continuous UV irradiation of 12.2 mW/cm2 intensity. Higher disruption was 

observed with peroxide solutions at 40° C compared to room temperature and 80° C. Confocal 

images of PR surface treated with solutions of different peroxide concentration at 400 C under 

UV irradiation are shown in Figure 5.   
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Figure 5. 3D Confocal microscopic images (magnification 14KX) of implanted PR pretreated 
with solutions of different peroxide concentration at 400 C activated by UV light (12.2mW/cm2) 
for 15 minutes (a) untreated (b) 5% H2O2 (c) 10% H2O2 (d) 20% H2O2 

 
 

Percent of attack (based on area) on the surface and depth range of created pores were 

measured at different regions of the PR sample and the results are presented in figure 6. Resist 

samples exposed to 5% H2O2 solution at 400 C under UV irradiation (15 minutes) showed the 

highest level of attack (~7 %) with pores of maximum depth ~700 nm.  Localized attack is a 

function of peroxide concentration and temperature. Interestingly, peroxide level higher that 5% 

show reduced level of attack. This is because excess peroxide scavenges OH
.
 radicals to form 

hydroperoxy radicals (HO2
.
) which are not as reactive as OH

.
 radicals.  
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Figure 6. Effect of peroxide level on the extent of crust attack [Conditions: 400 C, UV intensity 
of 12.2 mW/cm2, Analysis area: 40 x 30 µm]  
 
 

The concentration of hydroxyl radicals (OH
.
) in UV activated peroxide solutions was 

determined using KI dosimetry technique. Figure 7 displays the hydroxyl concentration in 

hydrogen peroxide solutions of different concentration as a function of UV (12.2 mW/cm2) 

irradiation time. The highest concentration of hydroxyl radicals  of ~0.25 mM, was measured in 

5% peroxide solution after 10 minutes of irradiation.  This concentration corresponds to only  

0.02 % of the original hydrogen peroxide concentration. Peroxide concentration lower or higher 

than 5% yielded much lower levels of hydroxyl ions.  These results, in conjunction with the 

resist removal data in Figure 6, lend support to the beneficial role of hydroxyl radicals in the pre-

treatment process.   
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Figure 7. Concentration of OH
.
 radicals generated in different H2O2 solutions upon                        

exposure to UV light at12.2 mW/cm2.  
 
 
Development of a two step process for stripping of implanted resists:  
 

 

As mentioned earlier, stripping of high dose implanted resist requires the removal of crust 

as well as the underlying unmodified resist. Both MAP and UVAP systems create deep pores in 

the crust, and thus make the photoresist layer accessible to chemical solutions.  Hence, a two step 

process involving MAP or UVAP treatment as the first step and SPM as a second step was 

investigated. The SPM was used at 1200 C, a temperature much lower than that explored by the 

semiconductor industry. 

 
Activated peroxide solution containing 5mM Fe2+ in 20% H2O2 at room temperature or 

5% H2O2 at 400 C under 12.2 mW/cm2 UV irradiation was used for the first step, whose duration 

was fifteen minutes. After the first step, the sample was rinsed and treated with 2:1 SPM at              

1200 C for five minutes and then rinsed with deionized water. Figure 8 shows the 3D confocal 

images of the samples subjected to the two step process.  It is clear that the two step process is 
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extremely effective in stripping the entire resist and crust (Figure 8 b & c). To make sure that 

SPM treatment alone is not sufficient to provide effective stripping, a two step treatment using 

800 C SPM for 15 minutes for the first step followed by 1200 C SPM for 5 minutes for the second 

step was investigated. The results shown in Figure 8a clearly indicate patchy PR removal.  

 
 

 

 
 

Figure 8. Confocal microscopic images (magnification 14KX) of implanted PR                   
(1E16 As/cm2) exposed to (a) 800 C SPM for 15 min + 1200 C SPM for 5 min (b) MAP (5mM 
Fe2+ in 20% H2O2 @ room T) for 15 minutes + 1200 C SPM for 5 min and (c) UVAP (5% H2O2 

@ 400 C) for 15 min + 1200 C SPM for 5 min 
 
 

One of the issues with using conventional SPM (96% sulfuric acid mixed with 30% 

peroxide) in the second step is the possibility of attack of metal gates by the oxidants generated 

by interaction of peroxide with sulfuric acid. Unfortunately, sulfuric acid mixed just with water 

in the ratio 4:1was not found to be effective in the second step. Hence, a series of tests were 

conducted using sulfuric acid (800 C) mixed with 1 or 5% peroxide solutions in the volume ratio 

2:1 or 4:1. Figure 9 shows the results from these tests. It appears that SPM solution prepared by 

mixing 800 C sulfuric acid with 1% H2O2 at 4:1 ratio is effective in almost complete removal of 

the resist.  Such SPM solutions of low peroxide concentration may be expected to be much more 

compatible with metal gates.  
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Figure 9. Effect of second step on implanted PR removal. 
 
 
Characterization of chemical nature of  resists after different treatments 
 
XPS analysis of implanted PR film: 
 

Figures 10a and 10b show the XPS spectra of C1s for implanted PR (1E16 As/cm2) after 

pretreatment (using UV, UVAP or MAP) and two step stripping process, respectively. A 

dominant C 1s peak characteristic of C-C bonding at 284.5 eV was observed for untreated PR 

sample.  Peroxide treatment using UV light or Fe2+ metal ion modified the crusted surface due to 

oxidation by forming carboxyl functionalities (O-C=O)  as indicated by a peak at 288.6eV [26-

28]. Exposure of PR samples to a two step process using activated peroxide pretreatment (15 

min) followed by SPM treatment (5 min) showed significant reduction in the C1s peak and 

absence of peak due to the carboxyl group. The carbon spectrum of PR samples after two step 

process matched well with that of blanket Si indicating effective removal of resist. 
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Figure 10. XPS spectra of C 1s on implanted PR (1E16As/cm2) after (a) pretreatment and (b) 
two step stripping process. 
 
 
 
 
 

Conclusions 
 

A novel all-wet process capable of stripping photoresist films exposed to high dose 

(>E15/cm2) of As ions was developed.  The process consists of two steps: the first step involves 

treatment with activated hydrogen peroxide solution at ambient temperature to create pores in the 

crust formed on the resist.  This is followed by exposure to conventional 2:1 SPM solution at 

120° C to strip the crust and underlying resist.  Activation of hydrogen peroxide can be carried 

out using ions based on iron or exposure to UV light and has been shown to result in the 

formation of highly oxidizing hydroxyl radicals.  This two step process has the potential to offer 

significant environmental and safety benefits over single step SPM processes operated at 

temperatures greater than 150° C. 

 

 



165 
 

Acknowledgements 
 

The authors would like to acknowledge the financial support for this project from 

SRC/SEMATECH Engineering Research Center for Environmentally Benign Semiconductor 

Manufacturing at The University of Arizona.  We would like to thank Dr. Jeff Butterbaugh of 

FSI International for helping with photoresist samples.  

 
References 

 
1. H. Takahashi, ECS Transactions, 11 (2),  189 (2007) 

2. G. G. Totir, M. M. Frank, R. Vos, S. Arnauts, T. Bearda, K. Kenis, M. Delande,Q. T. Le, E. 

Kesters, G. Vereecke, G. Mannaert, M. Lux, I. Hoflijk, T. Conard,S. Banerjee, S. 

Malhouitre, P. Leunissen and P. W. Mertens, ECS Transactions, 11 (2),  219 (2007) 

3. D. Tsvetanova, R. Vos, G. Vereecke, F. Clemente, K. Vanstreels, T. Conard, A. Franquet, 

T. N. Parac-Vogt, P. Mertens and M. M. Heyns, ECS Transactions, 25 (5) 187 (2009) 

4. T. Bausum, M. DeSarno and G. Dahrooge, Semiconductor International (Web Exclusive), 

June (2003). 

5. K. Reinhardt, K. Makhamreh and G. Tannous, Solid State Phenomena, 134, 117 (2008)   

6. P. M. Visintin, M. B. Korzenski and T. H. Baum, Journal of The Electrochemical Society, 

153 (7), G591 (2006) 

7. D. DeKraker, B. Pasker, J. W. Butterbaugh, K. K. Christenson, T. J. Wagener, Solid State 

Phenomona, 145-146, 277 (2009) 

8. K. Christenson, ECS Transactions, 11 (2), 97 (2007) 

9. S. Raghavan and M. Keswani,  STS vol II,  223, SEMICON Korea (2008) 

10. J. W. Butterbaugh, K. K. Christension and N. P. Lee, Solid State Technology, 49 (6), 83-85 

(2006) 



166 
 

11. C.P. Huang, C. Dong and Z. Tang, Waste Management,  13, 361  (1993) 

12. M. Kitis, C. D. Adams and G. T. Daigger, Water Research,  33 (11), 2561 (1999) 

13. J. Yoon, Y. Lee and S. Kim, Water Science and Technology,  44 (5), 15 (2001) 

14. M.C. Lu, C.J. Lin, C.H. Liao, W.P. Ting and R.Y. Huang, Water Science and 

Technology,  44 (10), 327 (2001) 

15. A. Mustranta, L. Viikari, Water Science and Technology, 28 (1), 213 (1993)  

16. R. J. Watts, D. D. Finn, L. M. Cutler, J. T. Schmidt and A. L. Teel, Journal of Contaminant 

Hydrology, 91, 312 (2007) 

17. A. Rudra, N. P. Thacker and S. P. Pande, Environmental Monitoring and Assessment, 109, 

189 (2005) 

18. T. Kurbus, A. M. L. Marechal and D. B. Voncina, Dyes and Pigments, 58, 245 (2003) 

19. N. Clarke and G. Knowles, Effluent and Water Treatment Journal, 32(7), 335, (1992) 

20. O. Legrini, E. Oliveros  and A.M. Braun, Chemical Reviews, 93, 671 (1993) 

21.  H. Kawaguchi, Chemosphere, 24, 1707 (1992)  

22.  R. Sapach and T. Viraraghavan, Journal of Environmental Science and Health-Part A, 

32(8), 2355 (1997) 

23. F. S. G. Einschlag, L. Carlos, A. L. Capparelli, Chemosphere, 53, 1 (2003) 

24. A.Rudra, N.P. Thacker and S.P.Pande, Environmental Monitoring and Assessment,109, 187  

(2005)  

25.  S.Hirayama, H. Morinaga, T.Ohmi and J.Soejima, Acoustical Science and Technology, 29, 

6 (2008) 

26. J.A. King and D.Walton, IEEE Transactions on Electrical Insulation, 28 (3), 411 (1993) 



167 
 

27. G.P. Lopez, D.G. Castner and  B.D. Ratner, Surface and Interface Analysis, 17 (5), 267 

(1991) 

28. S. Ghodbane,  D. Ballutaud,  A. Deneuville and C. Baron, Physica Status Solidi (a), 203 

(12), 3147 (2006) 


