IMPLEMENTATION

A. RESEARCH PLAN

The research program consists of four major thrust areas.  Following is a short description of these thrust areas and the specific tasks and subtasks; a more detailed description is given in Volume 2 of this annual report. 

THRUST A:  BACK-END PROCESSES

Personnel:

Thrust Leader:
· Rafael Reif, Electrical Engineering and Computer Science, MIT

Other PIs:

· Jim Baygents, Chemical and Environmental Engineering, University of Arizona

· Duane Boning, Electrical Engineering and Computer Science, MIT

· Karen K. Gleason, Chemical Engineering, MIT

· David Graves, Chemical Engineering, UC Berkeley

· John O’Hanlon, Electrical and Computer Engineering, University of Arizona

· Ara Philipossian, Chemical and Environmental Engineering, University of Arizona

· Srini Raghavan, Materials Science and Engineering, University of Arizona

Graduate Students: 

· Ritwik Chatterjee, Electrical Engineering and Computer Science, MIT

· Laura Pruette, Electrical Engineering and Computer Science, MIT

· Simon Karecki, Electrical Engineering and Computer Science, MIT

· Kenneth K.S. Lau, Chemical Engineering, MIT

· Thomas Casserly, Chemical Engineering, MIT

· Benoit Maag, Civil and Environmental Engineering, MIT

· David White, Electrical Engineering and Computer Science, MIT

· Mark Kiehlbauch, Chemical Engineering, UC-Berkeley

· Matt Radke, Chemical Engineering, UC-Berkeley

· Harmeet Singh, Chemical Engineering, UC-Berkeley

· Eric Tonnis, Chemical Engineering, UC-Berkeley

· Scott Olsen, Chemical and Environmental Engineering, University of Arizona

· Erin Mitchell, Chemical and Environmental Engineering, University of Arizona

· Yuxia Sun, Materials Science and Engineering, University of Arizona

· Wayne Huang, Materials Science and Engineering, University of Arizona

· Tae-Hoon Lee, Materials Science and Engineering, University of Arizona

· Jamie Ludke, Chemical and Environmental Engineering, University of Arizona

· Sergio Martinez, unclassified graduate student, University of Arizona
Undergraduate Students:

· Laura Merz, Columbia University (REU in Gleason Lab at MIT)

· Jamshid Sorooshian, Chemical and Environmental Engineering, University of Arizona

· Leslie Charns, Chemical and Environmental Engineering, University of Arizona

· Matt Felix, Materials Science and Engineering, University of Arizona

· William Kostedt IV, Engineering Science, Trinity University

· Phil Tabada , University of California at Berkeley

· Deana Tolentino, University of California at Berkeley

· Alan Tam, University of California at Berkeley

Vision and Goals:

As the complexity of interconnects continues to increase and the number of process steps involved in the back-end likewise increases, ESH concerns in this area will continue to become more prominent.  It is the goal of the investigators in Thrust A to develop technological solutions that address these issues.

State of the Art:

Among the ESH issues currently facing the semiconductor industry in the back-end area are: the use and emission of perfluorocompounds (PFCs) from dielectric wafer etch and PECVD chamber clean processes, environmental issues associated with slurry waste from CMP processes, as well as the need for a low-k dielectric technology that results in environmentally benign process effluents.

DETAILS OF TASKS AND SUBTASKS OF THRUST A

Task A-1: PFC Alternatives

Objectives: 

The goal is to identify possible alternatives for perfluorocompound chemistries for wafer patterning and PECVD (plasma enhanced chemical vapor deposition) chamber cleaning of silicon dioxide and silicon nitride films that do not pose long term environmental problems.  The etch viability of a variety of alternatives will be determined, and the most promising candidates from the etch viability study will be further tested to define both an alternative chamber clean and an alternative wafer patterning process.  The effluents of both processes will be identified with Fourier Transform Infrared Spectroscopy (FTIR) and quadrupole mass spectrometry (QMS) to assess their potential ESH impact.  Finally, beta testing of both alternative processes will be performed at the facilities of industrial collaborators.

Task A-2:  Solventless Low-k Dielectrics

Objectives: 

· To identify environmentally benign alternative solventless chemistries for deposition of low-k dielectric thin films. 

· To optimize adhesion and thermal stability of the ESH compatible process.

· To evaluate integration potential of this process.

Task A-3: Point of Use Plasma Abatement of HFC and PFC Emissions

Objectives:

The objectives of this project are: (1) to gain an understanding of the mechanisms of plasma abatement of PFCs so as to better realize its potential for use in the semiconductor industry (2) to help commercialize the Litmas PFC abatement system (3) to use modeling and experiment to characterize PFC and oxygen plasmas to gain a fundamental understanding of the chemistry and dynamics of these plasmas.

Task A-4: CMP Waste Minimization, Recycling, and Treatment

Subtask A-4-1: Treatment of CMP Wastes

Objectives:


The primary objective of this research is to develop strategies to treat wastes from CMP processes. Specifically, it is desired to explore novel treatment methods that would allow for the recycle and reuse of process water and allow for compliance with environmental waste regulations regarding TSS and copper content of effluent streams.

Subtask A-4-2: CMP Waste Minimization
Objectives:

The goal of this project is to develop process control methods to minimize slurry, pad, and water consumption in CMP processes. These processes include both dielectric processes (oxide interconnect, shallow trench isolation) and copper damascene processes where copper wastes are a particular environmental concern.

New Project: Minimizing Consumables in Planarization

Objectives: 

Develop strategies for reducing the amount of consumables used in planarization processes through fundamental study of fluid mechanics and tribology.

THRUST B: FRONT-END PROCESSES

Personnel:

Thrust Leaders: 

· Anthony J. Muscat, Chemical and Environmental Engineering, Arizona

(
Krishna Saraswat, Electrical Engineering, Stanford

Other PIs:
· Christopher E. D. Chidsey, Chemistry, Stanford
· David Graves, Chemical Engineering, UC Berkeley
· Lionel C. Kimerling, Materials Science and Engineering, MIT

· Paul C. McIntyre, Materials Science and Engineering, Stanford

· Jim McVittie, Electrical Engineering, Stanford

· Nasser Peyghambarian, Optical Sciences, Arizona

Other Research Personnel:
· Shibin Jiang, Optical Sciences, Arizona

· Sangwoo Lim, Chemistry, Stanford

· Jurgen Michel, Materials Science and Engineering, MIT

Graduate Students:
· Julia Chan, Materials Science and Engineering, MIT

· Ron Cicero, Chemistry, Stanford

· Casey Finstad, Chemical and Environmental Engineering, Arizona

· Frank Greer, Chemical Engineering, UC Berkeley
· Maxim Kelman, Materials Science and Engineering, Stanford

· Mark Kiehlbauch, Chemical Engineering, UC Berkeley

· Kasi Kiehlbaugh, Chemical and Environmental Engineering, Arizona

· Hyoungsub Kim, Materials Science and Engineering, Stanford

· Marcie Liao, Electrical Engineering, Stanford

· Renee Mo, Chemistry, Stanford

· Gerardo Montaño-Miranda, Chemical and Environmental Engineering, Arizona

· Kathleen Morse, Materials Science and Engineering, Stanford

· Charles M. Perkins, Materials Science and Engineering, Stanford

· Matt Radke, Chemical Engineering, UC Berkeley

· Shriram Ramanathan, Materials Science and Engineering, Stanford

· Anand Reddy, Materials Science and Engineering, MIT

· Dong-Woon Shin, Materials Science and Engineering, Stanford

· Adam Thorsness, Chemical and Environmental Engineering, Arizona

Undergraduate Students:

· Michael Chin, University of California at Berkeley

· Ernest Chen, University of California at Berkeley

· Joe Durgin, Chemical and Environmental Engineering, Arizona

· Steve Erickson, Chemical and Environmental Engineering, Arizona

· Jennifer Hosley, Chemical and Environmental Engineering, Arizona

· Beverly Toperzer, Chemical and Environmental Engineering, Arizona
High School Intern (Academic year):

· Mario Garcia, Rincon High School

Vision and Goals:

The goal of Thrust B is to identify and develop strategies to generate long term productivity gains through ESH sensitive design of FEOL surface processes. The initial focus has been on surface preparation because it presents the highest use of chemicals, water, and power in the fab. The overall goal, however, is to develop a FEOL process technology with full integration of ESH metrics. As part of an academic center with strong ties to manufacturers and their equipment and material suppliers, Thrust B is in an ideal position to analyze the fundamental issues underlying the chemistry and processing involved in surface preparation and to promote strategies that will reduce the environmental impact of surface preparation while maintaining or improving device quality and reducing costs. The Thrust is also ideally suited to explore potential long-range solutions that, though they may not be implemented for several years, must be explored now, if a rich menu of options is to be available in the coming decades as device features become ever smaller and as complexity and sensitivity to defects continue to increase.

Thrust B is undergoing a transition to emphasize new materials and processes relevant to gate stack structures. This will result in the cleaning processes being tied to deposition of new gate materials and adding an etching task. Task B-5 contains the new projects in this report and will be expanded in the coming year. The gate stack emphasis was presented in August 2000 at the Annual Retreat Meeting at Stanford University. The rationale is to incorporate ESH design principles in new gate stack technology as the materials are chosen for these structures and the processes are developed.

State of the Art:

The RCA clean, developed by Kern and Puotinen (Kern, 1970), has been the most prevalent means of cleaning wafers for the past 30 years. This process consists of two steps: the basic SC-1 (1:1:7 NH4OH:H2O2:H​2O), to oxidize organics, remove particles, and dissolve metals which have soluble hydroxides, and the acidic SC-2 (1:1:5 HCl:H2O2:H2O) to remove any remaining metals. The oxidizing strength of the hydrogen peroxide leaves the surface covered with 15-20 Å chemical oxide.

The increasing availability of ultrapure chemicals has led to the advent of HF-last cleaning sequences. The HF dip removes any chemical oxide and leaves the surface hydrogen-passivated. Although this hydrophobic surface is quite stable, problems with adsorption of particles and organics have limited its use in cases where an oxide-free surface is not absolutely necessary.

Dilutions of the above cleans make up the majority of the innovation to date in front-end-of-line cleans. Dilute SC-1 chemistries are now common to reduce the surface roughening caused by hydroxide etching (Miyashita, 1991). Extremely dilute solutions of SC-2 have also been found to reduce particle contamination, with no decrease in metal removal efficiency (Antilla, 1992). These cleans have been supplemented with megasonics to further assist in particle removal (Ouimet, 1996). HF baths have also moved toward more dilute chemistries. Compositions of 0.05 wt.% are now widely used. The addition HCl to inhibit metal contamination and reduce roughness is also common. For processes which do not require an oxide-free surface, mixtures of HF/H2O​2 or HF/O3 are used to keep the wafer surface hydrophillic and reduce particle contamination.

Wafer cleaning technology based on aqueous solutions has successfully been used to manufacture integrated circuit devices for the past thirty years and will continue to be used in the near future, but this technology faces both technological and environmental obstacles. Using a gas phase for cleaning offers a way to penetrate and clear narrow features of unwanted material in a vacuum compatible reaction chamber with a much lower burden on the environment than aqueous cleans due to dramatically lower water, energy, and chemical use (Ma, 1995).

The cleaning methodology could change from the current wet-only sequence to a wet/dry or all-dry series in which gross contamination is removed by a wet or dry process followed by one or more dry processes that leave the wafer surface with desired chemical and electrical properties. Development of dry or gas phase processes to completely remove contaminants from wafer surfaces with high selectivity is in its infancy (Deal, 1993) (Ruzyllo, 1993).

Gas phase cleaning process development is underway in the United States at university, government, and industrial laboratories. Work that has been made public is ongoing most notably at MIT, North Carolina State, Penn State, UCLA, Sandia, Lucent, FSI, and Texas Instruments, as well as at universities and companies in Japan. The applications span the range of wafer contamination problems including the removal of silicon dioxide, fluorinated organic layers, and metal atoms. Specific studies are underway examining silicon dioxide removal using mixtures of HF and hydroxyl-bearing vapors, photoresist and organics removal using both UV-initiated chemistries and plasma (chemical) downstream sources, and metals removal using UV-initiated chemistries (Proceedings ECS, 1995) (Proceedings ECS, 1996). Aside from photoresist ashing, the only other gas phase process that is used extensively in production for cleaning wafer surfaces is silicon dioxide etching using HF and water vapor which is run both with and without a post-etch aqueous water rinse depending on the specific application.

According to the SIA roadmap, by the year 2010, the minimum MOS device dimension will be scaled to well below 0.1µm. The SiO2 gate dielectric thickness will be scaled to well below 5 nm. This is easy to understand since the transconductance gm ( k/t , where t is gate dielectric thickness and k is the dielectric constant. To continue the advances in the performance (gm) the SiO2 gate dielectric thickness will need to be scaled to around 1-2 nm. However, below 5 nm the electrical conduction through SiO2 increases rapidly as the mechanism for electron injection changes from Fowler-Nordheim tunneling to direct band-to-band tunneling. Below 3 nm direct tunneling causes excessive gate current in MOS devices leading to circuit instability. Various practical issues may limit the thickness scaling. These include power dissipation due to leakage, dielectric degradation and breakdown due to electrical stress, process induced defects, dopant penetration from poly-Si gate, carrier depletion in poly-Si gate, etc. The reliability of such ultrathin SiO2 films may be a showstopper in the evolution of the current technology to nanodevices. 

DETAILS OF TASKS AND SUBTASKS OF THRUST B:

Task B1: Understanding the Fundamentals of FEOL Surface Preparation Chemistry to Develop Environmentally Benign Wet Processes

Subtask B1-1: Study of the Etching, Roughening and Contamination of Hydrogen-Terminated Silicon

Objectives:

Prior to gate oxidation, silicon surfaces are stripped of any native or chemical oxide layer with a fluoride-containing solution and then rinsed. This is a critical step in the cleaning sequence, particularly as it exposes silicon protected only by adsorbed hydrogen to the atmosphere and to the cleaning and rinsing fluids. Etching, roughening and contamination of the silicon surface can occur at this exposed surface and may have significant effects on the properties of the resulting devices. These effects must be understood and accounted for when wet cleaning sequences with modified or combined chemistries are implemented to minimize environmental impact. In fact, the opportunity exists to reduce roughness and contamination while reducing the resources used in this cleaning sequence.

Subtask B1-2: Correlation of Gate Oxide Integrity with Roughness and Contamination Levels

This project at Stanford has been cancelled due to the loss of the Electrical Engineering students involved. 

Subtask B1-3: Study the Removal Mechanisms of Resist Residues by Environmentally Benign Oxidants
Objectives: 

This subtask was created to address the role of various alternate oxidants such as ozonated water for wafer cleaning, particularly how they remove photoresist and etch residues from wafer surfaces, and the nature of the oxides produced on the surface. This information is key to formulating cleaning sequences that minimize the number of steps and the amount of chemical and water consumption while maintaining or enhancing device performance.

Task B2: Development of Gas Phase Cleaning Processes for Water, Chemical, and Energy Usage Reduction

Subtask B2-1: Etching of SiO2 using Gas Phase HF/vapor Mixtures

Subtask B2-2: Removal of Post-RIE Residues Using a Plasma Downstream Process

Objectives:

· Train students to incorporate environmental costs as a design constraint in new process development.

· Identify elementary chemical reaction steps (mechanisms) for front-end surface cleaning processes using gases (dry cleans).

· Develop rate equations for gas-surface chemical reaction steps.

· Optimize dry cleaning process steps for gate dielectric formation.

· Assess the viability of gas phase cleaning technology.

· Evaluate integrating dry cleans with thin film deposition in a cluster apparatus. 

· Reduce ESH impact by replacing aqueous cleaning chemistries and rinsing.

· Provide technology options for the next generation of front-end processing.

Task B3: Novel Surface Chemistry for Environmentally Efficient FEOL Surface Preparation
This task is focused on identifying novel chemical transformations at wafer surfaces that dramatically improve the contamination resistance and processibility of wafers and can be incorporated into new environmentally benign surface preparation processes on a longer time scale.

Smaller scale device technology dictates more stringent standards for surfaces, surfaces that are free of particles, contaminants, and electronic defects. Reliance on the RCA-type clean, the current industry standard, to meet increasingly severe surface specifications is becoming untenable. Becoming involved in the development of future surface preparations at their conception provides us with the impetus to engineer more environmental consciousness into meeting increased surface quality standards. The immediate goal of this task is a chemically well-defined surface that is cleanly and reproducibly replaced by the next solid phase. Such a surface would eliminate the need for recleaning in between steps. The practice of duplicate cleaning steps, both after a process and before the next step, provides a unique opportunity for minimizing the chemical usage and water waste in a FEOL cleaning scheme, as wafer cleaning is the most frequently repeated cycle in semiconductor processing, consuming 30% of all processing steps and 25% of all processing time. 

Subtask B3-1: Study of the Stability and Environmental Impact of a Novel Surface Passivation Involving Solutions of Iodine in Alcohol
Objectives: 

A dilute solution of iodine in methanol has been identified as an effective surface passivation, however the factors affecting this passivation are not well understood. The effect of dissolved oxygen and water in the iodine/methanol solution on the air stability of the surface will be investigated by probing the lifetime of minority carriers by Radio Frequency Photo Conductance Decay. The potential environmental impact of this surface preparation will also be examined.

The terminated surface must be understood atomistically in order to see how trace metal contaminants such as copper interact with the bulky methoxyl-termination. This requires experiments involving spiking with various impurities and subsequent surface analysis to quantify and locate adsorbed contaminants.

Subtask B3-2: Characterization of Surface Passivation Involving Solutions of Iodine in Alcohol

Experimental work on this project was complete last year. Renee Mo has completed all analysis and is in the process of submitting papers and her thesis. She has accepted a job at IBM.
Subtask B3-3: Feasibility for Incorporation into Microelectronic Device Fabrication

Objectives: 

The goal of this subtask is two-fold: to confirm that the methoxyl passivation is cleanly removed were it to be used as an intermediate to epitaxial growth or gate oxidation and to grow and characterize devices that have the iodine/alcohol surface as a precursor. We want to identify the metrics that should be used to evaluate the device integrity from alternate surface preparations.

Once we have characterized the chemical nature of the surface and its device behavior, we can use the iodine/alcohol passivation as a model system from which to elucidate the necessary chemical insight to engineer alternate passivations.

Subtask B3-4: Gas-Phase Halogens as a Route to Better Surface Passivation:

Objectives: 

Consideration of the factors affecting the efficiency of the iodine/alcohol system provides a basis for developing a rational design of superior passivation schemes. If indeed alkoxyl termination is a robust and desirable passivation, perhaps the use a more aggressive halogen, more stable alkoxyl group, or thermal activation would result in more efficient termination.

Task B4: Bath Life Extension through Recycling and Process Control

As the requirements on surface preparation become more stringent, the tolerable level of variation decreases. For cleaning baths, the solution composition must not vary and the maximum level of allowable metal contaminants must not be exceeded for the life of the bath. For state of the art processes using chemicals with less than 10 ppt (parts per trillion) of any single metal, the current practice of shortening bath lifetimes is very costly. Additionally, the rising use of Cu for metallization places added importance on maintaining purity levels for cleaning baths. Point of use recycling coupled with in-situ contamination monitoring increases control over cleaning processes, extends bath lifetimes, and reduce losses due to yield excursions.

Subtask B4-1: Monitoring of Bath and Wafer Contamination
Objectives: 

State of the art processes use chemicals with less than 10 ppt individual metals. This task explores monitoring and measurement techniques for quantitative detection of metal contamination in the 10-50 ppt range. 
Subtask B4-2: Dilute HF Reuse

Objectives: 

Purity of dilute HF is crucial in DHF-last cleaning sequences. Point-of-use recycling systems involving a metal purifier and an in-line contamination monitor can reduce the need to replace HF baths without compromising device integrity. This subtask focuses on evaluating filter materials and design.

Task B5: New Gate Stack Materials and Processes

The title of Task B5 has been changed from “High  Gate Dielectric Materials” to include all aspects of the development of new gate stack structures. Projects will be added to this task in the coming year on surface cleaning, alternate deposition methods, and etching to develop environmentally responsible processes for new gate stack technologies. The move from silicon dioxide to an alternative gate material is a prime opportunity to incorporate ESH design principles at the introduction of this technology into manufacturing.

Subtask B5-1: Surface Cleaning and Preparation

The projects specifically focussed on developing high  compatible surface cleaning and preparation processes will be included here in future reports.
Subtask B5-2: Materials and Deposition Processes

Alternate Gate Dielectric Materials

Objectives: 

Explore alternate gate dielectric materials and the manufacturing processes required to incorporate such novel materials in Si FET’s, with emphasis on environmental impacts of these 

ESH Issues in Ferroelectric Memory Materials

Objectives: 

Measure the kinetics of PbO volatilization during thermal treatments on PZT ferroelectric thin films. Develop low-thermal budget deposition processes, such as microwave-enhanced MOCVD, to minimize PbO-loss during film growth. Investigate possible Pb-free alternatives to PZT for ferroelectric memory capacitor dielectrics.
Radical Enhanced Atomic Layer Chemical Vapor Deposition (REALCVD) of Novel Materials

Personnel:

Objectives:

The objectives of this project are: (1) to determine the feasibility of performing low temperature ALD using radicals to provide the necessary chemical reactivity; (2) to determine whether radicals will make it  practical to perform ALD with organometallic compounds or other processes which have a lower EHS impact than the metal halide compounds that are currently in use.
Subtask B5-3: Etching

Objectives:

Simultaneously satisfying new gate stack etching process requirements while also meeting environmental constraints requires that etch tool and gas suppliers develop a deeper understanding and control of the chemical and physical processes occurring in the etch tools. The project described here is designed to provide this understanding. This is intended to be a seed project with collaboration between the ERC for Environmentally Benign Semiconductor Manufacturing (EBSM) and the Front End Processing Center (FEPC).

The long term goal of this project is to identify effective, low ESH-impact etching strategies for high k gate dielectric and gate electrode materials. The combination of decreasing critical dimensions, thinner photoresists and larger wafers create new etching demands, and etching solutions must be identified that have minimal ESH impact. This includes identifying effective etching gases and etching tool conditions. A potential problem with high k gate dielectric etching is charging damage. A long term goal of the subtask is to determine if this will be a problem and learn how to avoid it.

THRUST C: FACTORY FACILITIES

Personnel:
Thrust Leader:
· Farhang Shadman, Chemical and Environmental Engineering, UA

Other PIs:

· Bob Arnold, Chemical and Environmental Engineering, UA 

· Steve Beaudoin, Chemical and Materials Engineering, ASU

· Neil Berman, Chemical and Materials Engineering, ASU

· David Dornfeld, Mechanical Engineering, UC Berkeley

· Kimberly Ogden, Chemical and Environmental Engineering, UA 

· John O’Hanlon, Electrical and Computer Engineering, UA

· David Mathine, Optical Sciences, UA 

· Thomas Peterson, Chemical and Environmental Engineering, UA

· Nasser Peyghambarian, Optical Sciences, UA

· Srini Raghavan, Materials Science and Engineering, UA

· Gary Rubloff, University of Maryland

· Ray Runyan, Cell Biology and Anatomy, UA

Other Research Personnel: 

· Paul Blowers, Chemical and Environmental Engineering, UA

· Ron Chiarello, Electrical Engineering, Stanford 

· Morven Johnson, Chemical and Environmental Engineering, UA

· Leonid Kulakov, QUESTOR, Queen’s University of Belfast

· Benjamin S. Levy, University of Maryland

· Hongmei Liao, Electrical Engineering, Stanford

· James McVittie, Center for Integrated Systems, Stanford 

· Sergio Mendes, Optical Sciences, UA

· Ornella Selmin, Nutritional Science, UA 

· Bert Vermeire, Electrical and Computer Engineering, UA

Graduate Students: 
· Gretchen Burdick, Chemical and Materials Engineering, ASU

· Elizabeth Castro, Chemical and Environmental Engineering, UA 

· Kevin Cooper, Chemical and Materials Engineering, ASU 

· Dawn L. Baker, Chemical and Environmental Engineering, UA

· Brian Conaghan, Electrical and Computer Engineering, U Maryland 

· John DeGenova, Chemical and Environmental Engineering, UA
· Andy Hebda, Chemical and Environmental Engineering, UA

· Nikhil Krishnan, Mechanical Engineering, UC Berkeley 
· Amrata Kulkarni, Optical Sciences, UA

· Daniel Frayer, Optical Sciences, UA

· Tae-Han Lee, Materials Science and Engineering, UA

· Dawn Lowman, Chemical and Environmental Engineering, UA

· Lilliam Mena, Chemical and Environmental Engineering, UA

· Robert Morris, Chemical and Environmental Engineering, UA

· Srinivasan Raghavan, Chemical and Environmental Engineering, UA 

· Arturo Ruiz-Yeomens, Chemical and Environmental Engineering, UA

· Mike Schmotzer, Chemical and Environmental Engineering, UA

· Matt Scholz, Chemical and Environmental Engineering, UA

· Leah Stanley, Chemical and Environmental Engineering, UA
Undergraduate Students:

· Leslie Charns, Chemical and Environmental Engineering, UA
· Terri Dzienis, Chemical and Environmental Engineering, UA

· Cindy Ly, Electrical Engineering, University of Pennsylvania

· Carlo Marino, University of Arizona 

· Nanette Munoz, Chemical and Environmental Engineering, UA 

· Rocio Robles, Chemical and Environmental Engineering, UA

· Cecilia Rodregues, Chemical and Environmental Engineering, UA

· Mike Shaffer, NASA Fellow, University of Arizona

· Chris Speyer, Chemical and Environmental Engineering, UA

· Sarah Stewart, Chemical and Environmental Engineering, University of Arizona

· Lu Elizabeth Swanson, Chemical Engineering, Iowa State University/UA 

· Eric Weisman, Chemical and Environmental Engineering, UA

· Mark Wilkinson, University of Arizona
Vision and Goals:

Our vision of the future IC fabrication facilities includes manufacturing science, technology, and new processes that would lower the use of water and energy significantly below the current levels.  In particular, our goal is to provide the technology that would make it possible to reduce water usage by at least a factor of two for the new fabs to be built after year 2003 (0.13 micron technology) and a factor of six for the sub-0.1 micron technology compared to the best technology available in 2000.  This will be accomplished through new breakthroughs in purification, use reduction, recycle, and reuse of water.  The goal is to achieve these environmental gains while lowering cost and improving the process-related quality and performance.

State of the Art:

Despite many efforts to reduce or replace wet processing and minimize water usage, water remains the single most important fluid used in semiconductor manufacturing.  In fact, the water usage has reached a level that is not sustainable.  In recent years, the US industry has implemented some limited measures of water reuse (recovery and reuse for purposes other than wafer rinsing).  Limited recycling (recovery and reuse for wafer rinsing) is utilized in some fabs; however, the cost and reliability of the existing technology have been major obstacles.

Wafer rinsing is the primary user of ultrapure water in fabs; therefore, the reduction in rinse is the key part of the strategic plan for water conservation.  The design of systems and tools generating or using UPW has been primarily based on contamination control.  Traditionally, concern about water usage or environmental impacts have not been a part of the process specifications.  Due to this prevailing attitude, there has been little incentive to optimize the water purification process, the distribution methods, or the design of wet tools with respect to the usage of water, energy and chemicals.  Consequently, there are obvious deficiencies in these systems and many opportunities for improvement.

The major technology gaps, implementation bottlenecks, and sources of concern against water recycling are in the following areas:

· Introduction of a new class of process-generated contaminants into the water system.

· Impurity surges that are common due to the highly transient nature of the operations in fabs.

· Inadequacy of the present metrology methods to capture the upsets on time for proper control measures; consequently, lack of a comprehensive control technique to be integrated with the on-line measurements.

· Buildup of recalcitrant compounds in recycle systems.

· Potential reactions among process-generated chemicals in the wastewater collection systems and formation of hard-to-remove impurities.

· Linkage of water use reduction with the usage of other resources like energy and chemicals; one should not optimize one without considering the effect on others.

DETAILS OF TASKS AND SUBTASKS OF THRUST C

Task  C-1:  Novel Processes for Water Purification and Wastewater Treatment

A major technology gap in meeting the strategic goals for UPW production, distribution and recycling is the availability of environmentally benign water purification processes.  Most of the current processes are borrowed from other applications and were never optimized for the specific needs and conditions of modern fabs.  Examples of such environmentally costly purification processes are UV 185 (highly energy inefficient) and ion exchange (the single largest user of chemicals in semiconductor fabs).  Using these purification processes to treat and recycle water may not be a true environmental gain.  The primary goal of the ERC research is to develop and evaluate process alternatives that are truly an environmental gain; that means alternatives that are efficient in energy and chemicals usage.  Furthermore, any environmental gain should accompany improvement in performance and reduction in cost.  

Currently, this task consists of two subtasks: one is on developing an environmentally benign method for ultra-purification of water, particularly suitable for recycle purposes; the second is on the development of a special biodegradation process for treating organically rich wastewater for discharge or reuse.  Following is the description of these subtasks:

Subtask C-1-1: Catalytic Method for Water Purification

Objectives: 

The objective of this project is to develop novel catalytic purification techniques for the removal of various contaminants, particularly organics from water.  The new technology needs to be more reliable, provide clear environmental gain, improve performance, and lower cost compared to the existing methods.  The specific objective of this project is to move towards integration of different treatment processes to promote synergy and efficiency, and consequently reduce energy usage and waste generation.

Subtask C-1-2: Biotreatment of Waste Streams Containing Organic Compounds and Copper

Objectives:

The objective of this project is to develop a system for the treatment of semiconductor waste streams that contain mixtures of heavy metals and organics. Biological treatment is being investigated due to its potential for being a low cost/low energy process. The specific objective is to investigate the remediation of CMP slurry waste.

Subtask C-1-3: Detection, Characterization and Removal of Bacteria Present in Ultrapure Water Systems

Objectives:

The aim of this project, which involves the collaboration of five different NSF Centers, is to investigate the extent of bacterial contamination within ultrapure water systems (UPWS) using a variety of techniques.  By identifying the key, so called “nuisance” bacteria within UPWS, a rapid and more efficient means of determining their presence will be developed.  Improved biofilm destruction and control methods will also be examined.  Implementation of new bacterial detection and control mechanisms in UPWS will help ensure the quality of water to semiconductor fabrication facilities. This is of utmost importance given the intricate geometries of current devices and their sensitivities to even one bacterium as a contaminant.  In addition, this work will impact the mobilization of low-energy water production and recycling plans within the industry.

Task  C-2: Studies of Wafer Rinsing for Water Reduction and Performance Gains

Reducing the water usage during wafer rinsing without compromising the rinse performance is a key requirement in moving towards environmentally benign IC manufacturing.  The focus of ERC’s work in this area is on fundamental (long-term) breakthroughs in the wafer rinsing process.  However, an intermediate-term approach is also being pursued to improve the present processes for significant environmental and performance gains.

Subtask C-2-1:  Fundamentals of Rinse and Chemicals Carry Over
Objectives:
The primary objective of this work is to determine ways in which DI water usage in rinse processes can be reduced without sacrificing overall wafer cleanliness.  In order to meet that objective, a study of the fundamental mechanisms involved in contaminant removal during rinse is being undertaken.  The goals of this study are:

· Investigate the fundamental mechanisms governing the removal of chemical contaminants from the surface of both smooth and patterned wafers.

· Conduct experiments, which measure the temporal and spatial variations of the contaminant concentrations in the water near the wafer surface as the rinse process proceeds. 

· Conduct experiments, which measure the temporal variations of the contaminant concentrations within a trench as the rinse process proceeds. 

· Using the in-situ trench device as a prototype, develop robust industrial device that could become a benchmark for standard rinse evaluations.

Subtask C-2-2: New Rinse Strategies

Objectives:

The primary objective of this subtask is to significantly reduce point of use ultrapure water (UPW) consumption in front end of line (FEOL) surface prep and in chemical-mechanical polishing (CMP) and post-CMP cleaning. Because of its large UPW consumption and rapid expansion in semiconductor manufacturing an emphasis is placed on reducing UPW consumption in CMP and related processes. Specific objectives include

· Close collaboration with industrial partners to develop, test and implement alternative water use strategies for device processing in fabs.

· Transfer the methodology and benefits developed for reducing UPW consumption in FEOL surface prep to CMP and post-CMP cleaning.

· Apply state-of-the-art surface analytical techniques and solution composition measurements to correlate effluent composition with wafer surface quality.

· Significantly reduce water and energy consumption and realize performance gains and cost savings by optimizing water use.

Subtask C-2-3  Post-CMP Rinsing and Cleaning

Objectives: 

The main objective of this subtask is to understand the fundamental kinetics and mechanisms of particle removal during post-CMP cleaning, to determine an optimal, low-water, low-chemistry method of post-CMP particle removal.  More specifically, this phase of the project focuses on developing rigorous, validated models for the adhesion of micron-scale particles to wafers and the use of these models to determine the controlling process in brush-based wafer cleaning.  The specific goals are: 1) to understand the strength of attachment of alumina and silica particles to SiO2, W, Al, and Cu surfaces as a function of the solution chemistry, particle morphology, and substrate morphology, and 2) to use this understanding to differentiate between the effects of fluid mechanics, chemical cleaning, and contact cleaning during the post-CMP cleaning process.  An understanding of these effects will lead to the development of cleaning processes that use less water and chemicals.    

Task  C-3: Water Reuse and Recycle

Water from rinse stations is a major part of the total wastewater (more than 60%).  About 80% of the rinse water is classified as Type 1.  This represents dilute wastewater with​​ Total Oxidizable Carbon (TOC)<100 ppb and conductivi​ty less than 10 (S/cm.  Therefore, a major portion of the rinse water has a general quality much better than that of the feed water that has gone through the primary treatment.  In most modern fabs, even those with some degree of water recycle, the rinse water is returned to the primary feed tank or another location in the primary supply.  This arrangement is justified at the present time due to the shortcomings in the recycling technology.  With the current state of detection (addressed in subtask C-3-3), control and purification methods, it is simply too risky to bring the rinse water too close to the point of use.  Fast response sensors to detect the key impurities are not available.  More importantly, purification methods that can effectively remove the recalcitrant compounds are not available.  

Recovering rinse water and using it for any application is definitely better than no recovery.  However, most current practices are far from optimum usage.  In many locations, the rinse water is of better quality than the feed water with primary treatment.  Moreover, the impurities in the rinse wastewater are known process impurities.  In principle, this should simplify and facilitate the purification process.  Therefore, it does not make sense economically and technically to mix this relatively high quality water with the lower grade feed water.  A major technology gap is the lack of a systematic technique to determine the best combination of recycle and reuse on each site as well as the type and configuration of processes used for recycle treatment.

A major bottleneck of recycling is lack of sufficient understanding of the key fundamental characteristics of UPW systems such as response to upsets, accumulation of recalcitrant impurities, and effectiveness of the present treatment methods for the removal of process-generated impurities.  This task focuses on these critical technology gaps, and consists of three subtasks. 

Subtask C-3-1: Recycle Process Development and Simulation

Objectives:

· Develop a comprehensive model for simulating the fundamental characteristics of UPW systems with and without recycle.

· Utilize the simulator to understand the dynamics of distribution and transport of impurities in UPW systems and to enhance educational experiences in environmental systems behavior.

· Develop methodology to combine the UPW simulator with the rinse model for an integrated rinse-recycle optimization.  Apply and validate the combined rinse/recycle model as a  “design for environment” tool.

· As a long-term objective, develop a comprehensive methodology for optimization of UPW distribution, reclaim and recycle; this includes development of a novel simulator-based process control technique that is required for reliable operation of the future UPW systems with recycle.

Subtask C-3-2: Water Recycle Test Bed

This subtask was merged with subtask A-4-1

Subtask C-3-3: Development of Sensors for Recycle Systems
Objectives:
To develop and test a compact and low-cost, real-time chemical sensors for detection of organics in water; specifications are dictated by the water recycling requirements and simulator results (subtask C-3-1).

Seed Project: Biochip and Microarrays for Rapid Assessment of New Chemicals

Objectives:

· Develop a new microarray analyses using CMOS chip for rapid assessment of new chemicals used in S/C industry 

· Design CMOS circuitry that can be used to promote DNA transport and (covalent) attachment to the surface of the microarray.

· Devise circuitry-dependent operational steps that will minimize nonspecific (background) reactions and maximize signal-to-noise ratio in microarray-based tests.

· Improve upon existing methods for detecting macromolecule hybridization on the microarray surface.  The new designs will use an integrated photodetection system or detect hybridization reactions electrolytically.

· The marriage of semiconductor and microarray technologies may yield a smart chip with considerably more versatility and sensitivity than current state-of-the-art microarrays.  The new chip will be much more convenient to use in differential expression (chemical toxicity) bioassays.

Seed Project :  The Environmental Value Systems Analysis 

(Jointly with Consortium on Green Design and Manufacturing, U C Berkeley)

Objectives:  

The goal of this project is to develop a framework for environmental modeling, the Environmental Value Systems (EnV-S) analysis, which combines mechanical-chemical modeling of tool components, multi-criteria value analysis of hazard dimensions, environmental impact factors and cost of ownership (CoO).  The modeling structure allows a hierarchical progression of models to allow flexibility for application-specific analysis (e.g., abatement options analysis, design of auxiliary systems, operations analysis) while maintaining a core kernel of process models.

THRUST D: PATTERNING
Personnel:

Thrust Leader:
· Karen K. Gleason, Chemical Engineering, MIT

Other PIs:

· Christopher K. Ober, Materials Science and Engineering, Cornell University

· Gregory B. Raupp, Chemical Engineering, Arizona State University

· Terry L. Alford, Materials Engineering, Arizona State University

· Stephen P. Beaudoin, Chemical Engineering, Arizona State University

Other Research Personnel:

· Dr. Mordechai Rothschild, MIT Lincoln Laboratory

Graduate Students: 
· Hilton Pryce Lewis, Chemical Engineering, MIT

· Kenneth Lau, Chemical Engineering, MIT

· John Lock, Chemical Engineering, MIT

· Gina Weibel, Materials Science and Engineering, Cornell University

· Victor Pham, Chemical Engineering, Cornell University

· James Erjavec, Chemical Engineering, Arizona State University (now at Intel)

· Kristin A. Grant, Chemical Engineering, Arizona State University

· Gretchen Burdick, Chemical Engineering, Arizona State University

· Russell Callahan, Chemical Engineering, Arizona State University

· Kevin Cooper, Chemical Engineering, Arizona State University

· Stefanie Chaplin, Chemical Engineering, Arizona State University

· Sean Eichenlaub, Chemical Engineering, Arizona State University

· Kaustubh Gadre, Materials Science and Engineering, Arizona State University

Undergraduate Students:

· Mary Allison Goodman, Materials Science and Engineering, Cornell University

· Russel Patzer, Chemical Engineering, Kansas University

· Tanja Weir, Chemical Engineering, Kansas University

· Jeffrey Caufield, Chemical Engineering, Colorado State University

· Nagesh Rao, Materials Science and Engineering, Rensselaer Polytechnic Institute 
· Chris Keimel, Materials Science and Engineering, Cornell University

· Ruth Stritsman, Chemical Engineering, Cornell University 
· Zachary Shinar, Bioengineering, University of Pennsylvania

· Carly Chan, Chemical Engineering, University of Michigan

· John Kelchner, Arizona State University

· Rick Dahl, Arizona State University

· Jeff Brimhall, Arizona State University 
Vision and Goals:
In October 1998, a new thrust was created, bringing in Cornell, MIT Lincoln Laboratory, and Arizona State University as new partners.  The focus of the new thrust is revolutionary processes for patterning integrated circuits, which result in reduced solvent utilization while also enhancing performance for defining smaller integrated circuit features.  The time frame of the research is such that the information obtained can impact the technology of future lithographic generations.  One goal is to demonstrate a solventless lithography process, which is compatible with advanced exposure tools.  A second goal is to combine the functionality of photosensitive resists and low dielectric constant interconnect materials.  Such a directly patternable dielectric layer would greatly reduce the number of processing steps for IC manufacture, as favored by both economic and environmental driving forces. Finally, integration of these new processes and materials into a manufacturable scheme is the ultimate motivation.

State of the Art:

Currently, wet chemistry is used both for photoresist application and development.  Chemical vapor deposition processes and the use of supercritical CO2 as developer may provide critical alternatives to the present solvent-based approaches.  Current manufacturing uses a polymeric photoresist to pattern dielectric layers, such as SiO2.  Because of their lower dielectric constant, k, polymers have been proposed to replace SiO2 in the integrated circuits of the future.  We have demonstrated  deposition of a E-beam patternable dielectric with features at 0.5 m as proof-of-concept of a system that may greatly simplify the process flow for microelectronics fabrication. In addition, supercritical CO2 has no surface tension and low viscosity, which has enabled us to successfully develop sub 100 nm polymeric features  without pattern collapse.  In parallel with photoresist processing in CO2, we have constructed a working dissolution rate monitor (DRM) to better understand the polymer dissolution kinetics during development.  This technique allows a higher level of control over rates and selectivity.  Incorporating the beneficial properties of CO2 developer presents multiple opportunities for achieving improvement in patterning.

DETAILS OF TASKS AND SUBTASKS OF THRUST D

Task D1: Solventless Lithography
Objectives: 
· Identify key composition parameters for environmentally benign supercritical CO2 development.

· Develop fundamental structure/property relationships for patternability and supercritical CO2 solubility.

· Optimize SCF processing parameters for high resolution lithography.

· Investigate new chemistries for positive and negative tone e-beam and 157 nm dry resists developable in CO2.
· Evaluate integration potential of the SCF developing process.

· Vapor deposition of patternable dielectrics and evaluation of their integration potential.

· Provide technology options for next generation resists (e.g. 157 nm, SCALPEL).

· Interface with process integration research on adhesion and barrier layers at ASU (subtask D-2).

· Reduce ESH impact by replacing wet chemistry.

· Simplify processing for environmental and economic “WIN-WIN”.

· Improve resist and interfacial quality through all-dry processing.

Task D2: Additive Processing
Objectives: 

· To identify environmentally benign additive processes for creation of self-passivating barrier and adhesion layers in low resistivity metal / low  dielectric thin film polymer systems. 

· To understand the fundamental mechanisms and limitations of adhesion in low resistivity metal / low  dielectric thin film polymer systems. 

· To evaluate the integration potential of these processes and materials.
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