Engineering Research Center
For

Environmentally Benign Semiconductor
Manufacturing

Annual Report

February 2007



Section 1

Core Projects



10.

11.

12.

List of Core Projects

An Integrated, Multi-Scale Framework for DesigniBEgvironmentally-Benign Copper,
Tantalum and Ruthenium Planarization Processed5(Pdrust A)
Philipossian (UA), Boning (/MIT), and Beaudoin (Bue)

Environmentally Benign Electrochemically Assistede@ical Mechanical Planarization
(P908; Thrust A)
Raghavan (UA), Philipossian (UA), and Boning (MIT)

EHS Impact of Electrochemical Planarization Techgis (P910, Thrust A)
Alen West (Columbia)

Low Environmental-Impact Processing of sub-50 nrteritonnect Structures (P914,
Thrust A)
Gleason (MIT) and Muscat (UA)

Environmentally Benign Vapor-Phase and SuperctitC®, Processes for Patterned
Low- k Dielectrics (P911, Thrust A)
Gleason (MIT), Ober (Cornell), and Watkins (U Maduasetts)

Non-PFOS/non-PFAS Photoacid Generators: EnviroramitignEriendly Candidates for
Next Generation Lithography (P905, Thrusts D)
Ober (Cornell) and Sierra (UA)

CMOS Biochip for Rapid Assessment of New Chemi¢@B04, Thrust C)
Mathine (UA) Bahl (UA), and Runyan (UA)

Environmentally-Friendly Cleaning of New Materiadad Structures for Future Micro-
and Nano-Electronics Manufacturing (P919; ThrusenB C)
Nishi (Stanford), Raghavan (UA), and Shadman (UA)

Low-Water and Low-Energy Rising and Drying of Patel Wafers and Nano-structures
(P918, Thrust C)
Shadman (UA). Vermeire (ASU)

Reductive Dehalogenation of Perfluoroalkyl Surfatéain Semiconductor Effluents
(P909, Thrust C)
Sierra (UA), Jacobsen (UA), and Wysocki (UA)

Destruction of Perfluoroalkyl Surfactants in Semidoctor Process Waters using Boron
Doped Diamond Film Electrodes (P913, Thrust C)
Farrell (UA), Sierra (UA), and Raghavan (UA)

ESH Assessment: Materials, Structures and ProgdesaNano-scale MOSFETSs with
High-Mobility Channel (Thrust B)
Saraswat and Mcintyre (Stanford)



An Integrated, Multi-Scale Framework for Designing Environmentally-
Benign Copper, Tantalum and Ruthenium Planarization Processes

Personnel:

Pls:
* Ara Philipossian: Chemical and Environmental Engriveg (UA)
» Duane Boning: Electrical Engineering and Computaeise (MIT)
» Steve Beaudoin: Chemical Engineering (Purdue)

Other Research Personnel:
* Yun Zhuang: Chemical and Environmental Engineefig)
* Fransisca Sudargho: Chemical and Environmentalreeging (UA)
* Leonard Borucki: (Araca Incorporated)
* Ed Paul: Visiting Scientist (MIT)

Graduate Students
* Yasa Sampurno: Chemical and Environmental Enging€tiA)
* Rumin Zhuang: Chemical and Environmental EnginepfiA)
Hong Cai: Materials Science and Engineering (MIT)
Daniel Truque: Electrical Engineering and Comp&eience (MIT)
Xiaolin Xie: Physics (MIT)
Bum Soo Kim: Chemical Engineering (Purdue)
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Gautam Kumar: Chemical Engineering (Purdue)
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» Geoff Steward: Chemical and Environmental Engimgg(UA)
» Jessica Torres: Chemical Engineering (Purdue)

Objectives:
This objective is to perform fundamental scientiffovestigations of copper,

tantalum, and ruthenium CMP processes over severgjth scales and levels of
complexity. A deeper and more comprehensive unaedstg of the physical and
chemical processes will help to reduce consumpéind wastes associated with the
processes.

Background:
Future integrated circuits will critically depenah ehe ability to planarize and

form inlaid structures using chemical-mechanicdighing (CMP). CMP is essential not
only in the advanced interconnect structures usomper and low-k dielectrics, but also
in front end device formation involving shallow i isolation (STI) and in alternative
transistor formation processes (e.g. inlaid meats). However, existing CMP processes
are known to suffer from a number of environmenpaformance and cost concerns.
These include an excessive consumption of cosilyyshnd pad materials, generation of



by-product wastes containing substantial solidsisamption of water, and substantial
processing times requiring significant energy. &anfance limitations include imperfect
feature planarization (dishing and erosion), ovaisp or endpoint control challenges,
wafer-level uniformity and repeatability difficudts, and throughput limitations. As the
industry also explores new materials (e.g. ruth@jiand interconnect technologies, the
polishing and planarization process must undergothén evolution to meet
environmental as well as performance requirements.

A powerful and fundamental approach to significamédducing consumption and
wastes associated with copper, tantalum and rutheprocesses is to develop a deeper
and more comprehensive understanding of the pHyaiod chemical processes that
control polishing and to use this understandingltiwze changes in consumables and
polishing protocols. This approach offers the ieméradvantage of simultaneously
addressing issues of productivity, performance, andironmental concerns. For this
vision to be realized, several key enabling tecbgies need to be developed and
integrated. In this research, we are focusing am key areas which we believe provide
maximum leverage for evolution of polishing teclowy, particularly for future
advanced interconnect: (1) Fundamental understgndin individual and combined
mechanisms contributing to consumable wear, anéhtegration of these mechanisms to
develop topography evolution models for the subAL@&gime for dishing and erosion:;
and (2) development of real-time sensing and deteatoupled with modeling of pattern
evolution, for optimal and flexible control of tipeocess.

We are structuring our research along two primasks$: Task 1, which focuses
on fundamental understanding of copper, tantalumd, rathenium polishing processes,
and Task 2 which focuses on in-situ metrology (¢edipvith modeling) to improve the
control and operation of the processes.

Task 1: Fundamental Understanding of Copper, Tantaim, and Ruthenium CMP
Processes

There are two subtasks in this task. The summargdoh subtask is as follows:

Subtask 1.1: Effect of Conditioning Force on Pad Topography and Removal Rate
during Copper CMP

In CMP processes, diamond conditioners provide stdbility by counteracting
the degrading influences of abrasive wear andipldsformation on pad surface, and by
preventing the buildup of debris and byproductsmfravafer polishing. Since varying
conditioning forces create different pad topogrammg therefore different polishing
rates, optimum conditioning force may be achievdaenv both the requirements of
reduction of consumables and high polishing pertoroe are satisfied. The EHS impact
of CMP would decrease if such a conditioning fazaa be determined.

The objective of this subtask is to determine handitioning force affects pad
topography, coefficient of friction (COF), pad teengture and removal rate. We further
aim to study pad surface evolution, and by modebhgemoval rate and kinetic rate
constants, we hope to correlate pad surface prdderiptors with kinetic rate constants.




Method of Approach:

Experiments were performed using a 200-mm Fujikpstisher modified at the
University of Arizona for real-time shear force bsés. Experimental data were
collected and compared at two conditioning forcés2®& and 4.9 Ib-f on a 4-inch
Mitsubishi Materials Corporation TRD disc with 2g€it diamonds sweeping at 0.33 Hz
and rotating at 30 RPM. Wafer sliding velocitig®7, 0.94 and 1.22 m/s were chosen
to avoid resonance with the sweep period and tdym® uniform conditioning. Polishing
pressures were set at 1, 2 or 3 PSI. The pad ansluhry were D100 and iCue 600Y75,
respectively (manufactured by Cabot Microelectren@orporation). During polishing,
shear force and pad temperature data at the wedeinlg edge were acquired in real-
time. Active diamond counts at the two conditionfogces were determined by a novel
method. To quantify the pad topography evolutioad goupons were extracted after
certain polishing conditions and then measured wiilface profilometry. Mean peak
spacing, mean peak curvature and surface roughmess defined and compared. A
Langmuir-Hinshelwood model was used to explore nahgate data in detail. Pad
surface data were then used to calculate Langmuasheélwood model parameters. By
studying the pad topography and the removal ratieuthe two conditioning forces,
physical theory connecting conditioning force wigmoval in copper polishing could be
verified.

Highlights of Results and Accomplishments:
At both conditioning forces, removal rates show 4Rwastonian behavior. At
moderate values of pV, copper removal rate dependke conditioning force (Fig. 1).

8000
€25Ib-f O4.9Ib-f

7000

6000 -

ocOe O

5000 -
4000 - Q
L 2

2

3000 - . 8

2000 A ‘ 6 Q
] O]

1000 5 g o)

Removal Rate (A/min)

0

0 5000 10000 15000 20000 25000 30000
pV (Pa-m/s)

Figure 1. Removal rates at 2.5 and 4.9 |b-f condiing forces.

COF ranges between 0.4 and 0.6, indicating thatniieehanism is that of
boundary lubrication (Fig. 2). COF is similar akttwo conditioning forces as per the
Wilcoxon signed-rank test.
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Figure 2. COF at 2.5 and 4.9 Ib-f conditioning fesc

As values of pV increase, average pad temperatareases from around 25 to 32
degree Celsius. Pad temperature is generally high?2:5 Ib-f conditioning force than at
4.9 |b-f conditioning force. For removal rate, aithb conditioning forces, simulation
agrees well with experimental data and successtalptures the non-Prestonian behavior
as well as the large scatters at higher value¥dHms. 3 and 4).
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Figure 3. Comparison of simulated removal ratehweixperimental data at 2.5 Ib-f

conditioning force.

Figures 5 and 6 show the simulated chemical ralenagchanical rate constants at
2.5 and 4.9 Ib-f, respectively. Simulated chemieaé is considerably larger at 2.5 Ib-f
conditioning force than at 4.9 Ib-f. Mechanical eras slightly higher at 2.5 Ib-f
conditioning force at some pV conditions. By coniparthe ratio of chemical rate



constant to mechanical rate constant, it indictttesthe polishing is more mechanically
limited at 2.5 Ib-f than that at 4.9 Ib-f conditiag force.
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Figure 4. Comparison of simulated removal ratewexperimental data at 4.9 Ib-f
conditioning force.
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Figure 5. Simulated chemical rate constants ateh8 4.9 |b-f conditioning forces.

Mean peak spacing, mean peak curvature and suraggness are extracted
from pad surface profilometry analysis (Fig. 7). aiepeak spacing decreases as the
conditioning force increases. This is consisterthvein increase in the active diamond
count. At the higher conditioning force, diamonds the pad surface deeper; as a result,
the peaks become sharper rendering a higher meak q@evature. In addition, the
surface height probability density function (PDRska wider tail and the value of lambda
is larger, indicating that the surface becomes meug

With the extracted pad surface data, a conditionthgory is used to
independently calculate the flash heating paranfeterd the proportionality constarnj ¢
of mechanical rate constant expression. The cakulilgalues are very close to those



extracted from the Langmuir-Hinshelwood model. Theveals a strong correlation
between the pad surface profile and the kinetie canstants and therefore indicates the
physical meaning of the fitting parametegsandp in the Langmuir-Hinshelwood model.
In this study, the physical theory connecting ctinding force with pad topography and
removal rate in copper polishing is successfullyfiesl.
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Figure 6. Simulated mechanical rate constants atahd 4.9 Ib-f conditioning forces.
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Industrial Interactions and Technology Transfer:

» CIliff Spiro and Mike Lacy: Cabot Microelectronic®fporation
* Naoki Rikita: Mitsubishi Materials Corporation

ESH Impact:
» Potential for 2X increase in conditioner and pdd due to 2X reduction in

diamond disc down-force. This will reduce consumptiof pads and
diamonds and increase tool uptime by lowering tnalver of ‘pit-stops’.



Conference Presentations:

* Rumin Zhuang, Leonard Borucki, Yun Zhuang, Mike ya€liff Spiro and
Ara Philipossian, “Effect of Conditioning Force dfad Topography and
Removal Rate during Copper CMP11" International Symposium on
Chemical-Mechanical Planarizatiohake Placid, NY, August 13 — 16, 2006.

* Rumin Zhuang, Leonard Borucki, Yun Zhuang, Mike ya€liff Spiro and
Ara Philipossian, “Effect of Conditioning Force dfad Topography and
Removal Rate during Copper CRP2006 International Conference on
Planarization/CMP Technologyoster City, CA, October 12 — 13, 2006.

Next Year Plan:

* Investigating the effect of diamond grit size arahditioning force on pad
surface through macro-scale/micro-scale charaeti®riz and incremental
loading test.

* Determining pad hardness and pad porosity’s impant polishing
performance.

Subtask 1.2: I nvestigation of Electrochemical Reactions on Copper Surface

A fully quantitative representation of CMP wouldjuére information about the
presence and residence time of slurry particlethatpad-wafer interface. To obtain
information about particle residence time at thd-pafer interface, it is necessary to
understand the particle-wafer adhesion forces.riieroto model the measured adhesion
forces effectively, it is essential to understamel ¢lectrochemical reactions occurring on
the wafer surface, so that the compositionally appate layer on the wafer surface can
be considered in the force calculations. The objeatf this subtask is to investigate the
electrochemical reactions on copper surface so shaty particle interactions with
copper surface can be characterized.

Method of Approach:

There are two approaches that are most commordg & describe particle
adhesion to surfaces, a thermodynamic approacladocte-based approach. The force
approach is most appropriate for the CMP systemssidered here. Figure 8 is a
schematic showing an asymmetric particle adhemnthe vicinity of a rough substrate.
The interactions of interest in this case includa der Waals (vdW) and electrostatic
(ES) interactions. Chemical bonds are important many systems, but are not
encountered in these proposed studies. Hydrophotatactions may also be important
in aqueous systems, but they are not significanpdoticles at CMP conditions compared
to the other forces. vdW forces are present isydtems, and in the absence of chemical
bonding, these forces are the most significant aorapt of the adhesive force when a
particle is in contact with or within up to 15 nrhasurface. While ES forces are often
described in terms of electrostatic double laydrere are many CMP-relevant cases of
particle adhesion where fully-formed double laygosnot exist. For this reason, full ES
forces, and not simply ES double layer forces, nimestonsidered to describe particle-
wafer interaction during CMP. Beaudoin and his stid have developed a method for
measuring and modeling particle-substrate intevastthat is partially illustrated in Fig.
8. With this approach, particles of interest areunted on the tip of atomic force




microscope cantilevers and their adhesion forcesinag substrates of interest are
measured directly, in liquids of interest. Follogithe force measurements, a second
AFM cantilever is used to measure the roughnesth@fparticle and substrate, after
which a combined FIB/SEM apparatus is used to peepeoss-sections of the particle.
The cross-sections, combined with the roughness de¢ used to prepare a 3-D model of
the particle. The measured substrate roughnessed 10 develop a 3-D model of the
polished surface. Both surfaces are discretizednanoscale elements, and the vdW and
ES forces between the two surfaces are calculaded function of particle-substrate
separation distance. Figure 9 shows a comparistweba predicted and measured
adhesion forces for a micron-scale silica partedihering with a TEOS-sourced oxide
surface in DI water. A very important aspect of B#ain’s work with particle adhesion
is that the modeling results are scaleable, whielama that models can be validated for
micron-sized particles and the forces that wouleékerted by nanoscale particles can be
accurately predicted. Hence, the method of apprdacthis work is to mount micron-
scale particles on AFM cantilevers, measure theireaion forces against substrates of
interest in CMP, model these forces, and then sttedemodels to the nanoscale to
describe the interaction forces for nanoscale gasgti

Cylindrical volume elements Boundary elements

Computer generated surface

Figure 8. Schematic of existing computation of \ai\W ES forces.
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Figure 9. Measured (300 measurements) and mod@D(predictions) adhesion
between 3N, cantilever with 40 nm radius of curvature (ROC)tgmand chrome (with
surface oxide) substrate in DI water.
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Highlights of Results and Accomplishments:

There are a number of accomplishments to repod.riibst exciting are real-time
analyses of Cu electrochemistry which may allowidew into the interfacial processes
occurring during polishing. Figure 10 shows a hamade guillotine electrode apparatus
designed and fabricated in our lab. With this apper we can track the electrochemical
processes occurring on Cu surfaces in real time,direct simulation of the
electrochemistry that occurs on a Cu wafer aftduay particle abrades the surface.

Cutting blade Holes for auxiliary eletrodes

Hole for the sample insertion
(Cu wire coated with Teflon)

Reservoir for electrolyte
(holds up to 68 mL)

Cutting knob
Safety knob

Figure 10. Home-made guillotine electrode for réate observation of Cu
electrochemistry at CMP-relevant conditions.
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Figure 11. Electrochemical reactions on Cu surfagthin guillotine electrode
(commercial Cu slurry with 5 wt%J@y,)

In Fig. 11, a Cu wire (with no Teflon coating) wiasmersed in commercial Cu
slurry containing 5% kD, in the guillotine electrode and the current (etmdbemical
reaction rate) was monitored. Figure 11 showsithaally, Cu dissolves, but after about
50 seconds, passivation of the Cu becomes domikhbmwever, when the wire is cut
there is an instantaneous spike in the currentaldessolution, and then an instantaneous
return to the passivation driven system. In planwedk, the sides of the Cu wire will be
Teflon-coated, such that the only electrochemiseyg monitored is at the wire tip. This
will dramatically enhance the resolution of theds#s of Cu behavior during CMP.
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Figure 12. Potential oscillations on Cu surfaceukisng from mass transfer and surface
reaction effects in aqueous 2.25 M HCl and 0.43 J0H

A balance of mass transfer and surface reacticecesffwill dictate the surface
reactions occurring during CMP. We have studied gfienomenon in detail in a model
system, with a goal of developing a modeling framwthat can describe these effects.
In Fig. 12, the potential oscillations occurringidg the dissolution/passivation of Cu in
a solution of 2.25 M HCI and 0.43 M,8, are shown. These were obtained using a Cu
disk in a rotating disk apparatus. As the rotatiempeed of the disk increases, the rate of
mass transfer of reactants/products to and frondigie surface increases. As shown in
Fig. 12, the frequency and amplitude of the odudlies increase with increasing mass
transfer, suggesting that wider swings of dissohipassivation occur with increasing
mass transfer rates, and that they occur more lguigk preliminary model has been
developed in our lab that describes these masspiginand reaction phenomena.

Conference Presentations:

 Beaudoin, S., “Particle Adhesion over Multiple LémgScale§ Fifth
International Surface Cleaning Workshop, NortheastéJniversity/NSF
Center for Microcontamination ControNovember, 2006.

e Butterbaugh, J., and Beaudoin, S., “Particle Adiresatnd Removal FSI
International Knowledge Services Seminar Seried Aviv, Israel, October
2006.

* Beaudoin, S., “Particle Adhesion and RembtvBaEl International Knowledge
Services Seminar SerjéSrenoble, France, October 2006.

* Beaudoin, S., “Particle Adhesion and RembtvBaEl International Knowledge
Services Seminar Serid3resden, Germany, October 2006.

* Beaudoin, S., “Particle Adhesion during Microeleaic Manufacturing
Eighth International Symposium on Ultraclean Prageg of Silicon
SurfacesAntwerp, Belgium, September 2006.

* Kumar, G., Smith, S., and Beaudoin, S., “AdhesibRarticles to Surfaces —
Scaling from the Micron to the Nanometer 3jzAdhesion Society Annual
Meeting February 2006.
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Next-Year Plan:

In the next year, we will complete the modelingds¢s of the mass transfer and
reaction effects on Cu electrochemistry, and wile uthese to model Cu surface
composition during CMP. We will continue particdelhesion studies to Cu surfaces.
Combined with modeling results, we will develop newwdels for effects of Cu reactions
and particle-wafer interactions on CMP. We willealepeat the process used for the Cu
system to describe Ru polishing.

Task 2: In-situ Metrology Coupled with Modeling to Improve Control and
Operation of CMP Processes

There are three subtasks in this task. The sumfoagach subtask is as follows:

Subtask 2.1: Feasibility of Real-time Detection of Abnormality in Inter Layer Dielectric
Slurry during Chemical Mechanical Planarization Using Frictional Analysis

Agglomeration of abrasive particles, large abraggdicles as well as solidified
particles generated along the slurry supply systéeenthe main causes of the defect
formation during chemical mechanical planarizati@MP). Mechanical abrasion by
large abrasive particles is the major mechanisnaticrg micro-scratches. If critical
defects are formed in the wafer surface, the wafay be discarded. Otherwise, it
requires further re-processing, which consumes numesumables, generates more
wastes, and decreases overall throughput.

Numerous studies have focused on detecting changée large particle tail of
the slurry particle size distribution (PSD). Theteraof formation of particle
agglomerations from small particles is measureditu along the slurry supply system.
However, separate study indicated that abrasivéicfgsm in injected slurry tend to
agglomerate during polishing process due to flueina in local particles or salt
concentration under dynamic processing conditibleice, real-time methodologies are
needed to give an advance warning as to deteclingptesence of defect causing
particles during polishing process.

The objective of this subtask is to investigate tbasibility of utilizing shear
force measurement to detect the presence of lagelps in slurry in order to reduce
scratch defects during chemical mechanical plaaaoz

Method of Approach:

Polishing tests were performed using a 100-mm wadéisher with capability to
measure shear force in real-time during polishiPipr to wafer polishing, a Rohm and
Haas 1C1020 M-groove pad was conditioned with adi®0diamond disc for 30 minutes
with DI water. Two slurries were used to polish 4t blanket silicon wafers with
6000 A thermally grown silicon dioxide: Fujimi PI247 slurry with 12.5% weight
percent of 0.Jum abrasive silica, Fujimi PL-4217 slurry with 12.5%eight percent) of
0.1 um abrasive silica contaminated with 0.5% (weightpet) of 0.9um alumina. Each
wafer was polished for 75 seconds. The polishirgsure was 28 kPa and the pad-wafer
sliding velocity was 1.12 m/s. Shear force data walected at 1000 Hz during

13



polishing. Fast Fourier Transformation (FFT) wagliemented to convert the fluctuating
component of shear force from time domain to freqyedomain.

Highlights of Results and Accomplishments:

For the Fujimi PL-4217 slurry contaminated withraloa, it can be calculated
that there is about 1 alumina particle for everyR0 silica particles. Table 1 shows that
the removal rate is not affected by the presenc@whina particles. On the other hand,
coefficient of friction and shear force variance argnificantly affected by the presence
of infinitesimal amount of alumina particles in thkirry, thereby suggesting that these
particles actually participate in the polishing.

Table 1. Removal rate, COF, and variance of shesuef for pure and contaminated
Fujimi PL-4217 slurries.

Variance of
Siurry COF Shear Force
(1bf)
Pure PL-4217 1636 (54) 0.27 (0.01) 1.35 (0.40)
Contaminated PL-4217 1632 (140) 0.46 (0.01) 4.79 (0.54)

Values in parentheses are standard deviations

Figure 13 shows the comparison of the raw sheaefdata for the pure Fujimi
PL-4217 slurry and contaminated slurry. Higher shimces are observed for the
contaminated slurry confirming that the aluminatipbes are transported effectively to
the pad-wafer region. Larger alumina particles dérahe wafer surface more
aggressively than silica particles, resulting igh@r shear forces. The contaminated
slurry also induces larger shear force variatidratthe pure Fujimi PL-4217 slurry as
summarized in Table 1. The presence of larger alergsarticles leads to an unequal
distribution of applied load on the wafer surfacentributing to a less stable polishing
process. Such significant increase in shear foaciance as well as COF associated with
the contaminated slurry shows it is feasible to lenment frictional measurement
technique to detect slurry abnormality in real-ticaging CMP process.
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Figure 13. Comparison of raw shear force data fargoFujimi PL-4217 slurry (grey
curve) and contaminated Fujimi PL-4217slurry (blackve).
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Fast Fourier Transformation (FFT) was implementadnvert the fluctuating
component of shear force from time domain to fregyedomain. To exclude the peaks
resulting from the intrinsic vibration of the todhe spectral amplitude of the polishing
run is subtracted by the spectral amplitude oflthgeline process in which the polisher
was run with the wafer completely disengaged frtwm pad. Figure 14 shows that the
pure and contaminated Fujimi PL-4217 slurries imdwwmilar stick-slip signature.
However, the contaminated slurry results in higbeectral amplitudes than the pure
Fujimi PL-4217 slurry as shown in Table 2.

Spectral Amplitude
Spectral Amplitude

Figure 14. Shear force spectral analysis for (ajgand (b) contaminated Fujimi PL-
4217 slurries.

Table 2. Spectral amplitudes for pure and contart@dd-ujimi PL-4217 slurries.

Spectral Amplitude

Slurry 0-156Hz 30-50Hz | 116-130 Hz
Pure PL-4217 0.82 (0.21) 0.15 (0.01) 0.02 (0.00)
Contaminated PL-4217 | 3.45 (0.47) 0.24 (0.01) 0.04 (0.01)

Values in parentheses are standard deviations

When particles make contacts with wafer surfaceait be assumed that large and
small particles roll at the same linear velocityca the wafer surface drags the particles
at equal sliding velocity. Hence, the interactiogtvieen the wafer surface and large
particles induces lower rolling frequencies comgacesmall particles in order to achieve
the same linear velocity. Such interaction may axplMwhy the shear force spectral
amplitude in the low frequency range of 0 — 15 Wzsignificantly higher for the
contaminated slurry than the pure Fujimi PL-421#rglas shown in Table 2.

Figure 15 shows the normalized shear force speatnglitudes for the pure and
contaminated Fujimi PL-4217 slurries. The normalizbear force spectral amplitude at
certain frequency is calculated by dividing the ashtorce spectral amplitude at this
frequency by the total spectral amplitude from @@ Hz. Therefore, Fig. 15 shows the
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shear force spectral amplitude distribution in ehéint frequencies. Table 3 summarizes
the shear force spectral amplitude distributiothiee frequency ranges. Results indicate
that large particles in the contaminated Fujimi42%7 slurry lead to a higher spectral

amplitude distribution in the low frequency randeédo- 15 Hz (91.5% vs. 81.0% for the

pure Fujimi PL-4217 slurry).
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Figure 15. Normalized shear force spectral amplsidor (a) pure and (b) contaminated

Fujimi PL-4217 slurries.

Table 3. Normalized spectral amplitude for pure aodtaminated Fujimi PL-4217

slurries.

Slurry 30-50Hz 115-130 Hz
Pure PL-4217 5.7 (3.4) 1.7 (0.8)

Industrial Interactions and Technology Transfer:

Michael Goldstein: Intel Corporation

ESH Impact:
This study shows it is feasible to utilize real¢irshear force measurement to

detect the presence of large particles in slurmnduchemical mechanical planarization.
It lays the groundwork for slurry quality monitavhich helps to improve manufacturing
throughput and reduce consumable usage and wasteagjen.

Conference Presentation:

Yasa Sampurno, Yun Zhuang, Fransisca Sudargho,adicBoldstein, and
Ara Philipossian, “Detection of Slurry Abnormalitiuring ILD CMP _Using
Real-Time Frictional Force Measurement and Analys2906 International
Conference on Planarization/CMP Technolpggster City, CA, October 12 —
13, 2006.
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Next-Year Plan:

Slurries with different types and concentrationgafticles will be used for ILD
and copper CMP to investigate abrasive particl&faceon the frictional, thermal, and
kinetic attributes of polishing processes.

Subtask 2.2: Pad Asperity Modeling

A key issue in order to improve the performanceCMP, especially to reduce
dishing and erosion is to better understand theceff pad surface and bulk properties.
In past models of pad surface topography evoluti€ing semi-empirical pattern density
and step-height dependencies, we have ignorecdetiadet! characteristics of pad asperity
height and size distributions. To enable an integramodel that incorporates the
experimental observation and characterization of p@perties (investigated elsewhere
in this project), we have developed a model thatlieitly accounts for the statistical
properties of the pad surface. The approach is slsmlvematically in Fig. 16.

Vor ey

Asperities

Figure 16. Decomposition of pad into bulk regionygrned by contact wear pressure-displacement
dependencies) and surface asperities (governedaligtical distributions of asperities size and dies).

Removal Rate
Koylp -

Active Area

Physical hMods!
POSH  Model

Trench Area

Step height

Figure 17. Removal rate vs. step-height, derivadguan exponential distribution for
asperity height, in comparison to the older pattdemsity-step-height (PDSH) model.

The bulk pad distributes the overall down forcenasrthe chip surface; the regional pressures are
calculated using a contact wear model. The padsesfon the other hand, is represented using
the distribution of pad asperity heights and sizessulting in a more physically based
representation of removal rate versus step heaghdhown in Fig. 17.
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Pattern Density Praisea Map Pattern Density Model

Figure 18. Chip-scale topography resulting fromyiag pattern densities across the
chip (shown at left); for the new physically-baged asperity model (center) versus the
older empirical pattern density model (right).

The prediction of the resulting chip-scale topogsapvolution, as shown in Fig.
18, is improved compared to the older pattern dgmsodel. The new model helps to
resolve the unclear dependency of the “contacthie{goint at which recessed regions
between features experience removal or dishinghdiyng that a small fraction of “tall”
and small asperities can result in appreciable vainahen a conventional continuum
pad elastic model would suggest no dishing woulduncThe model also enables
coupling with the direct physical observations aflpwafer contact area under different
loading conditions, as well as confocal microscopether measurements of pad surface
heights.

Subtask 2.3: Plating/CMP Modeling and Process Co-Optimization

A major result this year is the completion of ategrated chip-scale model for
multilevel copper interconnects, and demonstratbmhe application of the model for
co-optimization of the process. Three components tloé accomplishment are
(1) improvements to the electrochemical deposi{e8D) model; (2) extensions and to
the CMP model for asperity and multilevel effectsl antegration with the ECD model;
and (3) application to reduction of plating thickegusing the model to design a new “in-
pattern” dummy fill pattern.

The chip-scale copper ECD model is physically basedsidering copper ion
depletion effects, and surface additive adsorpéind desorption. The plating model is
able to predict the initial topography for subsegqu€EMP modeling with sufficient
accuracy and computational efficiency. A compatithep-scale CMP model has been
developed that integrates contact wear and desttyheight approaches, so that a
consistent model framework can be used for coppék Ipolishing, copper over-
polishing, and also barrier layer polishing stag&svariant of this CMP model is
developed which explicitly considers the pad toppdy properties. Finally, ECD and
CMP parts are combined into an integrated modellicgige to single level and
multilevel metallization cases, so that the toppgsaremaining in a lower level can be
handled when predicting the upper level metal dgland erosion.

The integrated multilevel copper metallization mlode applied to the co-
optimization of the plating and CMP processes. Aerriaative in-pattern (rather than
between-pattern) dummy fill strategy is proposedst@own in Fig. 19. The key idea is to
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design dielectric posts and segments that sit witinge copper regions, to improve both
the plating process (by increasing sidewall suri@ea to increase plated thickness), and
the CMP process (posts to hold up the polishing pad reduce asperity-induced
dishing). The integrated ECD/CMP model is appliedhte optimization of the in-pattern
fill, to achieve improved ECD uniformity and finpbst-CMP topography, as seen in the
thickness maps and histograms in Figs. 20 and 2i.important result of the co-
optimization is that the copper seed and platingktiess is reduced to 4000 A, from the
8500 A in the non-optimized process, with corresfiog substantial savings in both
ECD and CMP process time, cost, and waste productio

Less Copper - 2pm
/ Loss - =l

In-Pattern :D
Dummy /tﬂm
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Figure 20. Chip-scale model results with in-pattdummy, showing improved envelope (erosion) argl ste
height (dishing), for MIT/SEMATECH 854 M1 test masing abrasive-free slurry model.
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Figure 21. Histogram plots for effective coppercitriess at dummy filled areas, using abrasive-fieys
model.

Industrial Interactions and Technology Transfer:
» Chris Borst: Albany Nanotech
» Laertis Economikos: IBM Corporation
e Maria Peterson: JSR Microelectronics, Inc.

Conferences Presentatians

* X. Xie, D. Boning, F. Meyer, and R. Rzehak, “Ana$ysf Nanotopography
and Layout Variations in Patterned STI CMPO006 International Conference
on Planarization/CMP Technologiroster City, CA, October 2006.

e Somani, D. Boning, P. Gschwend and R. Reif, “Envinental Impact
Evaluation Methodology for Emerging Silicon-Basedeciinologie’
International Symposium on Electronics and the Emment San Francisco,
May 2006.

Next-Year Plan
* Adapt and integrate pattern evolution models witldp®int and diagnostic
signal analysis from novel force-spectra measurénsgatems. This will
enable improved detection by relating signal fesgurwith modeled
topography states (copper clear; barrier cleaffioigarbitrary product layout.
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Environmentally Benign Electrochemically-Assisted Chemical-
Mechanical Planarization (E-CMP)

Personnel:

Pls:
» Srini Raghavan: Materials Science and Engineeti#) (
» Duane Boning: Electrical Engineering and Computaeise (MIT)
* Ara Philipossian: Chemical and Environmental Engrireg (UA)

Other Research Personnel
* Ed Paul: Visiting Scientist (MIT)

Graduate Students:
* Ashok Muthukumaran: Materials Science and EngimgetUA
» Daniel Truque: Electrical Engineering and Comp&eience (MIT)
* Xiaomin Wei: Chemical and Environmental Engineeriod\)

Objectives:
The main objectives of this project are to investtgand model copper and

tantalum barrier layer ECMP processes.

Background:
Electrochemically-assisted chemical mechanical spotg (E-CMP) is a new

process technology that has the potential to addreth environmental and performance
concerns existing in convention CMP processesdeaaced copper/low-k interconnect.
In most existing conventional CMP processes, suahatasolids (slurry particles) are
used, together with sophisticated chemistries, aisip-back and planarize copper,
barrier, and insulating layers. The high rate aéroital and consumable usage (slurry,
pad and water) and concern about copper and seffisent have drawn substantial
attention in conventional CMP. E-CMP offers substdly reduced consumption and
effluents and cost and environmental benefits.

We are structuring our research along two primasks: Task 1, which focuses
on experimental investigation of Cu and Ta E-CMé&cpsses, and Task 2 which focuses
on modeling, optimization and control of ECMP preses.

Task 1: Experimental Investigation of Cu and Ta E-CMP Processes

During the last few years, electrochemical mectanptanarization (E-CMP)
technique has been actively explored for bulk coppmoval in the fabrication of Cu-
low k structures. However, development and impleaten of a full-sequence E-CMP
process, which includes the removal of the balager as well, is in the infant stage. The
removal of Ta based materials by conventional CBIlane using silica slurries with
high (about 10 weight %) solids content at alkajprevalues and is mostly ‘mechanical’
in nature. ECMP is typically done using chemicalbtive formulations with no or very
small amount of solids and since Ta is a refractoggal, such formulations, which are
not highly corrosive, are in very early stage ove&lepment. Some studies have shown
that hydroquinone sulfonic acid can be used asxgizer for tantalum CMP [1, 2].
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Sulfonic acids have found use in electrochemicehiag and polishing of Ta [3, 4].
Additionally, aryl sulfonic acids such as dihydrolkgnzene disulfonic acid (aka Tiron)
form strong complexes with refractory metals. Bagedhe literature information, it was
decided to develop a hydroxy benzene sulfonic agglem for the E-CMP of tantalum
and explore conditions that would provide a 1:Ectklity between Ta and Cu.

Method of Approach:

Electrochemical and polishing studies on tantalumd aopper samples were
conducted in a modified electrochemical abrasidh (E£-AC) tool. This tool was re-
designed for better control of low down-force ptess (about 0.5 PSI) and to
accommodate sample of size 6 cm in diameter. Thateo electrode is a stainless steel
316L disc (diameter about 3 cm), to which a pet&dapolishing pad is affixed at the
bottom. The center of the pad/electrode was offesh the center of the wafer sample
such that 70% of the sample was polished. Electnmatal data were obtained using an
EG&G PARC 273A potentiostat.

Polishing of tantalum film was carried out in sulio acid based solution at
various current densities under different pH cdodg. After polishing, the solution was
collected for analyzing tantalum concentration gsinductively coupled plasma-mass
spectroscopy (ICP-MS). The removal rateaotdlum was calculated from tantalum
concentration in solution. To study the selectivity sulfonic acid based chemistry,
polishing of electroplated copper films (thickn@&0 A) was also carried out under the
same conditions. Removal rate of copper was cakuilfom thickness measurements
using a four point probe.

Highlights of Results and Accomplishments:

Preliminary tests indicated that a small amour@®3Qo 0.1%) of colloidal silica
particles is needed to provide decent tantalum vamh@ates in 2,5-dihydroxy benzene
sulfonic acid solutions. Figure 1(a) shows the reahoate of tantalum in 0.3 M sulfonic
acid based chemistry containing 0.1% Si& a function of pH at different current
densities. At pH 4, the removal rate of tantalunb@sand 70 A/min for corresponding
current densities of 0.1 and 0.25 mAfcrt a pH of 10, the removal rate is increased by
abo

175 120

0 0.1 mA/cm2 B : @ 0.1 mAlcm2
With peroxid
150 1q 0,25 mA/cm2 P \ 100 B0.25 A2,
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£ : ; g &
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L Q
E 1 == 5%
40 — [ |
e 25 1 3 20
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Figure 1. Removal rate of (a) tantalum and (b) capip 0.3M sulfonic acid based
chemistry containing 0.1% Sj@s a function of pH at different current densities
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Initial experiment on the addition of 1.2 M,®: to 0.3 M sulfonic acid based
chemistry containing 0.1% Sj@t pH 10 shows a significant increase in the reahmate
of tantalum to 170 A/min for 0.25 mA/dnFurther experiments will be carried out to
study the effect of peroxide under different ECMRditions.

Figure 1(b) shows the removal rate of copper urgdene conditions. Higher
removal rate of copper was observed at pH 4 and the rate drops off as the pH is
increased. At pH 4, for a current densities of @8l 0.25 mA/crh the removal rate of
copper is 70 and 120 A/min. At pH 10, the remowa# of copper is reduced to 55 and 80
Almin at 0.1 and 0.25 mA/chrespectively.
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Figure 2. Removal rate of tantalum as a functioamplied current densities in 0.3 M
sulfonic acid based chemistry containing 0.1%,%0pH 10.

Figure 2 shows removal rate of tantalum as a fanaif applied current densities
in 0.3 M sulfonic acid based chemistry containing% SiQ at pH 10. Under open-
circuit potential (OCP) condition, the removal ratetantalum is 30 A/min. When a
current density of 0.1 mA/chwas applied, the removal rate was found to be BBir
At higher current density of 0.25 mA/émwhich corresponds to overpotential of 1 V, the
removal rate has increased to 90 + 10 A/imimther increase in the current density
to 0.5 mA/cni, does not significantly increase the removal cdt@ntalum.

Table 1: Current efficiency (%) as a function of pH).3 M sulfonic acid solution
containing 0.1% Si@®

Applied Estimated removal Actual removal Current efficiency (%)
current rate of tantalum rate of tantalum (A/min) after correcting for OCP
density (A/min) removal rate
(mA/cnr) pH 4 pH 7 pH 10pH 4 pH 7 pH 10
OCP - 23 12 30 - - -
0.1 23 52 35 66 120 102 142*
0.25 56 71 52 100 84 68 119
0.5 112 - - 119 - - 77

(*: Please see text for explanation of currentcggficies higher than 100%)

Current efficiency (%) values for various experitarconditions are shown in
Table 1. The current efficiencies were calculatttdr correcting for OCP removal rates.
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For example, at pH 4, the removal rate of tantalurder OCP condition is about 23
Almin. At an applied current density of 0.1 mAfcnthe removal rate of tantalum
calculated from solution analysis is 52 A/min. Afterrecting for OCP removal rate, the
current efficiency based on three electron transf&s found to be 120%; assuming that
there are no errors in solution analysis, this @éigihan 100% efficiency indicates that
there may be some mechanical removal of metallicSlailarly, the current efficiency
values calculated at pH 10 were also found to beertitan 100% for the aforementioned
reason. It may be noted that the corrosion cureensity determined from the
polarization curve at pH 10 was found to bexAdcm?.

Industrial Interactions and Technology Transfer:
* Renhe Jia: Applied Materials, Inc.

ESH Impact:
Usage Reduction Waste Reduction
Goals Chemicals Abrasives Solid Liquid
Using full sequence ECMP N/A > 90% reduction > 99% N/A
Publications:

* V. Lowalekar, “Oxalic Acid Based Chemical Systenws Electrochemical
Mechanical Planarization of CopperPh. D. Dissertation University of
Arizona, 2006.

* A. Muthukumaran, V. Lowalekar and S. Raghavan, t&a@on of Inhibitors
for ECMP_of Copper Using Electrochemical Quartz stay Microbalance
(EQCM) Techniqgué Mater. Res. Soc. Symp. Prael4, 213-16, 2006.

Conference Presentation:
* A. Muthukumaran, V. Lowalekar and S. Raghavan, t&a@on of Inhibitors
for ECMP_of Copper Using Electrochemical Quartz tay Microbalance
(EQCM) Technigué MRS spring symposiympril 2006.

Next-Year Plan:
» Develop chemical systems for the removal of ottzrier layers (TaN, Ru).

References:
[1] Phillip W. Carter, Jian Zhang, Steven K. Grumdyi Thesauro Rege,
Francesco De, “Compositions and methods faatam CMP, United States

Patent Application  200600301,52006).

[2] Melvin K. Carter, Robert J. Small, Xiaowei CaSkang, Donald W. Frey,
“CMP method for copper, tungsten, titanium, polgeili, and other substrates
using organosulfonic acids as oxidizgrdUnited States Patent Application
2005090109(2005).

[3] Leonard Johannes Joseph Janssen, Richard &sh&fam Der Net, “Method
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for the electrolytic polishing of a metal inetlpresence of an electrolyte
composition, as well as a molded element obthiny using such a method
European Patent WO0171068 (2001).

[4] Soji Tsuchiya, Toshikuni Kojima, Electrochemical etching of tantaltim
Japanese Patent 03053Q92991).

Task 2: Modeling, Optimization and Control of E-CMP Processes.

The key process capability that E-CMP must provileéhe planarization and
formation of embedded damascene copper featuress ithus critical that our
investigations of new E-CMP capabilities evaluated aimprove patterned wafer
performance, in addition to reducing environmemtadl process cost. Existing E-CMP
technology provides attractive process control bdjpg but also has important
limitations. In present E-CMP systems, control loé¢ total charge can be achieved in
zonal regions so that effective profile control ¢enachieved (e.g. to make edge removal
faster or slower than in the center). Understandiveg interaction of mechanical pad
properties with the electrochemistry will be puduen order to model and optimize
feature-scale step-height reduction and minimizehidg and erosion. In addition,
modeling (including geometric as well as electraoloal modeling) of the pad/wafer
interactions at the wafer, chip, and feature sadldbe undertaken, as shown in Fig. 3, so
that the coupled wafer uniformity and die unifoyndan be optimized. Finally, novel
approaches for endpoint detection and controljqaatrly at the copper clearing and/or
barrier removal steps should be possible due teard discontinuities in both the
current/voltage relationship and in electrolyte gedies and will be explored, as the
technology development in the other subtasks resaittie point.

LA
il —— LU

topcc:)ggg?ﬁ;a/lgn d Feature-scale
Wafer-level uniformity evolution during

uniformity in E-CMP  durina F-CMP E-CMP
Figure 3. Multi-scale modeling to understand wafgip, and feature level uniformity
and performance in E-CMP.

Highlights of Results and Accomplishments

The primary focus for the initial work in the moihg) and control subtask has
been to understand existing E-CMP technology, eqeig, consumables, and process
technology. The key accomplishment is initial depehent of a wafer-level dynamic
model for material removal in E-CMP, appropriate feafer-level optimization and
control. This is based in part on an internshighw@M at Albany Nanotech in summer
2006. In addition, a model for surface film forneetiand removal dynamics in E-CMP,
appropriate for use in feature-scale evolution Mfindehas been explored.

The wafer level dynamic E-CMP model is based oretéwolving current density
distributions across the wafer, resulting from &leal contact and current flow through
both surface films and the electrolyte. The wasediscretized as finite-elements, and the
potential and current density distributions arecelated based on the applied voltage
zones and metal film thicknesses across the watemictured in Fig. 4. The copper
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removal rate is proportional to the current densatyd thus the copper thickness (and
conductance) can be calculated as a function atiposon the wafer and polish time.
Using a time-stepping simulation, the model is afolecapture the wafer level non-
uniformity and time-dependence of E-CMP removale Tiodel is also able to model the
time-varying voltage zones used in E-CMP, and eanded to find optimal voltage zone
control schemes to achieve improved wafer-leveioumity.

Bagel
Contact point Cu Wafer

Figure 4. Wafer-level modeling of copper removdésain E-CMP. Current flows from
edge contact through both copper/barrier thin filotewafer surface, and through
electrolyte.

Industrial Interactions and Technology Transfer:
» Chris Borst: Albany Nanotech
» Laertis Economikos: IBM Corporation

ESH Impact
* Improvement in E-CMP for bulk copper removal caduee the thickness of

plated copper needed by about 25% (with correspgnoliating and polishing
time and waste reduction).

Next-Year Plan
* Develop a prototype chip-scale E-CMP model of pattend topography
evaluation on the wafer surface, which can be natieg with wafer-level and
feature-level models. The model will aid in evaioat of potential
performance benefits of copper and barrier E-CMP.
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EHS I mpact of Electrochemical Planarization Technologies

Personnel:
Pls:
* Alan West, Department of Chemical Engineering, @ddia University

Graduate Students:
Kristin Shattuck, Chemical Engineering, Columbiawugnsity

Objectives:
The objective of this project is to investigate tfeasibility of utilizing

electrochemical planarization (e-CMP) technologissa replacement or compliment to
chemical mechanical planarization (CMP) in orderrémuce waste generation and
toxicity.  Objectives include: studies of copperCBHP, with an emphasis on
understanding mechanisms, and the screening dfalges for studies of liner e-CMP.

Background:
The International Technology Roadmap for Semicotatsc(ITRS) identifies

resource conservation as a concern, and it iskmellvn that CMP processes are a major
source of waste generation in wafer processingithBtmore, the introduction of low-k
materials will require major changes in CMP, amtded in the ITRS (2003, items 7
and 8). Specifically, the ability to achieve adedye polishing rates with chemical-
mechanical planarization (CMP) may be compromisgdthe introduction of low-k
materials that do not have the requisite propettesithstand large mechanical forces.
There have thus been significant recent effortsldeelop electrochemical-mechanical
planarization (e-CMP) technologies as a replacemiot complement to CMP.

In e-CMP, oxidation occurs via an electrochemrealction and there may be no
need for the bath to contain oxidizing agents f@ tase of Cu ECMP. Furthermore,
electrochemical oxidation rates can be signifigagteater than chemical oxidation rates
achievable by CMP, eliminating possibly the neathfarasive particles in the electrolyte,
even though a polishing pad will still be requirtm achieve planarization. These
simplifications in bath chemistry may reduce wagtaeration/treatment associated with
metal-overburden removal. Extension of ECMP taribaremoval is vital to gaining
industry acceptance of the technology, but ligl&mown yet about the likely makeup of,
for example, a Ta/TaN ECMP chemistry or a Ru ECMénaistry.

While ECMP-bath waste may be easier to treat, thexe been almost no
consideration yet of the volume of ECMP waste thdl be generated in comparison
with competing low-down-force CMP processes. Femtiore, the overall EHS impact
of ECMP will not be known until it is establishechether ECMP will be a complete or
partial replacement of CMP.
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Method of Approach:

In order to begin studying e-CMP, our research tezeeded to obtain an
apparatus which could be used for polishing blaaket patterned wafers. It was decided
that the best approach would be to design a beqcb-CMP device that could be used to
study and isolate specific parameters of the pscd&ecause of anticipated constraints
imposed by low dielectric materials, in all studéedown force of < 1.0 PSI will be used.

The holder for the substrate is able to acceptreetyaof wafer fragment sizes
(max: 4 cm x 4 cm) as well as 2” diameter wafefdhe pad, which is located directly
below the substrate, will be perforated in ordealtow current and electrolyte to flow to
the substrate surface. We are partnering with gtiih experts to select pads to be
tested. In order to prevent bubbles from effectohgnarization, the cathode will be
placed an appropriate distance away from the elgtér flow to the substrate. The
motion of the substrate will be 5 cm in the x dit@e and 1 mm in the y direction. The
motion will be controlled by rheostats and mainggirat a constant velocity. The device
will be mainly used to characterize bath chemistfie Cu e-CMP and then barrier e-
CMP.

To quantify the characteristics of each bath deeg the following tools will
be used: electrochemical impedance spectroscdfy,(Brofilometry, scanning electron
microscopy (SEM), four-point probe, and possiblgrsung probe measurements. When
the device has been able to demonstrate the aatedgdrends using Cu foil electrodes,
then polishing on wafers will begin. Those tooidl e used to examine metal removal
rates, selectivity, and planarization efficiencyathematical models intended to test
mechanisms proposed by the experimental studiéslad be developed and tested.

In parallel with and subsequent to Cu e-CMP stjdi@th chemistries will also
be used for barrier e-CMP. The major focus of ¢hs&tsidies will be characterization of
removal rates in select electrolytes and the measemt of Cul/liner selectivity.
Selectivity measurements will be made by studyiaghematerial separately as well as
galvanic couples of the materials.

Highlights of Results and Accomplishments:

This project commenced in June 2006. Experimemi® werformed using a Cu
rotating disk electrode (RDE) and an e-CMP dewdeaich was designed and built this
year as well. The e-CMP bench-top device was lmiltouse. The device is shown in
Figure 1a and 1b. The design features two dimeakiinear motion that is controlled
by two rheostats connected to DC motors. The mewens approximately 5 cm in the x
direction and 1 mm in the y direction. The desigmable to accommodate both 2”
wafers, as well as wafer fragments. The polistgad is located within the electrolyte,
on a perforated support to ensure current flow eledtrolyte flow to the wafer surface.
This device can operate in both contact and nomacbmodes. In order to control the
low down force requirement (<0.3 PSI), a small miceter is mounted on the surface of
the top plate which encloses the xy stage andathg $haft which carries the wafer. The
apparatus is mounted on springs which support tiieeeweight of the upper portion.
When the pad is submerged within the electrolyte,upper portion is lowered onto the
springs at a distance of ~ 1 mm from the surfadh®fad. The micrometer is then used
to slowly lower the wafer onto the pad surfaceBy designing our own e-CMP device,
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we are able to control a number of the key paraméiat otherwise would be difficult to
study using a conventional CMP tool.

In parallel with the development of the e-CMP toadectrochemical
characterization of the impact of bath chemistryGanelectrodissolution was carried out
using electrochemical impedance spectroscopy ae@rdisweep voltammetry applied to
Cu rotating disk electrodes. Emphasis was plamegphosphate-based electrolytes
containing BTA. Figure 2 for example shows the actpof BTA on the dissolution rate
at a pH of approximately four.

After completion of the e-CMP device, preliminarxperiments have been
performed to observe the effect of a CMP pad, djppgyan both contact and non-contact
modes. It can be seen in Figure 3 that when tdeigpaontacting the electrode surface,
the current density increased. This could be dwsymably to the removal of the
passivation layer created by the presence of BTikerelectrolyte.

Electrochemical methods were used to rapidly scfeenhe impact of BTA at
different applied potentials at solution pH on thkctrochemical dissolution rate.
Results are shown in Figure 4, where | is the cirdensity with BTA present ang,lis
the current density with no BTA present. It is bypesized that the ratio of current
densities can be related to planarization effigienbut this has not yet been
demonstrated. The removal rates of Cu under tleséitions were also measured
directly using profilometry and four-point probe aserements. Since an electrolyte that
exhibits desirable planarization may also roughbka material, surface roughness
measurements have also commenced.

@) (b)

Figure 1. Benchtop e-CMP
Device

(a) Cross Section

(b) Side View

S
Pad
Holder |

——
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Figure 2. Effect of BTA concentration
At pH 4.3: No BTA & 0.01 M BTA, using RDE

Figure 3.ECMP Device: contact and non- contact

With electrolyte pH 4.85 and 0.01 M BTA

Figure 4.Hypothetical planarization Capability
of KPOs-H3P O, electrolyte as a function of
potential for various pH values.
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Industrial Interactions and Technology Transfer:
* Feng Liu — Applied Materials — ECMP device colladtarn
 Lee Cook — Rohm & Haas — CMP Pads
» CIiff Spiro — Cabot — CMP Pads

ESH Impact:
» Potential elimination of solid particles commonbked in CMP slurries, which

would allow for waste to be easily treated.

» The likely removal of harmful oxidizers in electytd that would decrease the
toxicity of the waste produced.

* Possible reduction in volume of waste produced @et to current waste
generated by CMP processing, though it is not kgetwhether or not this
will be the case.

Conference Presentations:
« West, A.C., “Theoretical Considerations for Cu e-IQ:’l\/Illth International
Symposium on CMR006), Lake Placid, NY.

Next-Year Plan:

We plan to continue working to characterize thenataation capabilities of
various electrolytes using the e-CMP device. Waefacusing first on copper, but later
will also be looking into the feasibility of polistg barrier materials such as Ru and
Ta/TaN. While characterizing these electrolytgsecsfic attention will be paid to
monitoring barrier/Cu selectivity, electrolyte/ddetric compatibility, impact of pad type,
and pad/electrolyte interactions.
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Low Environmental | mpact Processing of sub-50 nm | nterconnect
Structures

Personnel:
Pls:
» Prof. Karen K. Gleason, Chemical Engineering, MIT
» Prof. Anthony J. Muscat, Chemical and EnvironmeRtajineering, UA

Graduate Students:
* Chia-Hua Lee, Materials Science and Engineering, Ml
* Dr. Kelvin Chan, Chemical Engineering, MIT (currentApplied Materials).
* Rachel Morrish, Chemical and Environmental EngimggrUA

Objectives:
This project will evaluate the performance of dagjid, and supercritical fluid

processes to clean sub-50 nm structures, fabrivatiélevel air gaps, and planarize
surfaces without contact. These tasks were choseauBe of the potential to reduce
resource use and waste production by understarghocess limitations. The primary
objective of this project is to develop a set ahpiples to guide the choice of materials
and processing fluids to fabricate sub-50 nm somast with the lowest cost of ownership.

Background:
Interconnect technology will require etching, cleay, and filling high aspect

ratio, sub-50 nm structures for the hp45 to 22 rmaohmology nodes planned for
production between 2010 and 201Ghese steps will be repeated 3-6 times per wafer
with tight tolerances. The processing of levdual damascene metal structures will be
especially challenging because of the near moleadale dimensions. The fabrication
steps to build the structures required to meet TRS targets will be developed in the
next 5 years.

Modeling predicts that wetting times decrease wbemtact angles are low for
feature widths above 50 nfrhut there is an open question whether liquids wét and
penetrate sub-50 nm features, which has been @tsiya difficult challenge in the ITRS
interconnect roadmaplf the resistance to mass transport is augmenyegductions in
feature size, then rinsing times could increaseigintly, with concomitant increases in
cycle times and water, chemical, and energy use.

The challenges for the integration of porous lkwaterials into future devices
are extremely difficuftand indeed may be so great that the industry miosésad to air-
gap interconnects, since air is the ultimate lQuf- stable air cavities can be integrated
with copper wire$. Sacrificial materials are used in the fabricatifnvoid-containing
microstructures. Void, or air in the context of this work, has thmvest possible

' ITRS Roadmap, 2004 update, Tables 80 and 81b.

2 M. T. Spuller and D. W. Hess, J. Electrochem. 38€(8) (2003)5476-G480.

% J.P Gueneaa de Mussy, G. Bruynsereade, Zs. T6kBk Beyer, and K. Maex, “Novel Selective Sidewall
Air Gap Process”, IITC, 2004.

* P. Kohl,et al, “Air-gaps in 0.3um interconnections”, IEEE Elec. Dev. Lett. 21 (2paQ.

®S. D. SenturiaMicrosystem Desigri§luwer Academic Publishers, Boston, MA (2003).
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dielectric constant of 1.0. In this proposal, ally dnethods are proposed for the

deposition and removal of the sacrificial layereTdbsence of surface tension and water
in the processes proposed is well suited for aggresgeometries having high aspect

ratios.

Method of Approach:

Air gap structures will be fabricated using sacri#i polymers deposited using
initiated CVD (iCVD). The properties and processeguired for the integration of the
sacrificial layer into interconnect structures via# evaluated. The iCVD method is an all
dry technique for depositing polymers that can moctehe utility of the process
knowledge and tool sets developed for CVD depasitb low k dielectric films. The
iICVD method is also an alternative to spin-on dé&mos Homogeneity in chemical
bonding is crucial for sacrificial polymers becatise removal mechanisms for polymer
decomposition are highly dependent on the chensicatture and a slight imperfection
in structural integrity can lead to undesirablerdioamation or changes in solubility.

In addition to depositing blanket sacrificial lagebllowed by etching to form
patterns (subtractive processing), the ICVD methmyglo can be modified to achieve
selective growth of patterned layers from regiohthe substrates that have been directly
initiated. In addition to reducing waste and preaeg complexity (Fig. 1), the additive
patterning approach enabled by selective initiatias the potential to achieve covalent

Additive
Processing

Subtractive
Processing

CVD sacrificial
layer

Figure 1. Reduction in number
of steps and tools resulting
from by additive versus
subtractive processing with the
potential to streamline process
development.

spin-on
imaging layer
selective
irradiation

development in
aqueous base

il

Vo y Selective CVD of
pattern sacrificial layer
transfer
maging (D Al

layer strip

bonds between the substrate and the sacrificiadr layhich would promote strong
adhesion.

The potential for removing ICVD prepared polymelmB using supercritical
carbon dioxide with cosolvents such as isopropgblabl (IPA), acetone, or liquid
monomer was tested. Dissolution of the polymexjgeeted to occur when the solubility
parameter of the supercritical solution approadhes of the sacrificial polymer. The
solubility parameter depends on dispersion foradipole-dipole interactions, and
hydrogen bonding. Varying the cosolvents addedth¢osupercritical mixture will provide
a knowledge base for how best to change and cqmigmer solubility.

Supercritical CQ@ is well known for its ability to swell and plastie polymeric
materials which could allow for improved dissolutiof the iCVD polymer films with
cosolvents. Adding liguid monomer to the supercaiti solution provides enhanced
solubility of polymers through increasing the fludensity, while also providing
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intermolecular forces between the polymer and marothat favor dissolution. In
addition, depressurizing the supercritical solufimm approximately 200 atm to ambient
may result in a mechanical component for removahefpolymer.

Highlights of Results and Accomplishments:

An existing 200 mm system at MIT was upgraded kaB00 mm wafers to be
accommodated (Fig. 2). A reactor of sufficient sgzerucial to being able to send wafers
to industrial collaborators for integration testing

Figure 2. New iCVD chamber
capable of accommodating
300 mm wafers.

Thin films of ICVD sacrificial polymers were syntieed using cyclohexyl
methacrylate (CHMA) as the monomer and ethylenedjlgimethacrylate (EGDMA) as
the cross-linker. The resulting film is composedoafy carbon, oxygen, and hydrogen.
Although cross-linked, the ICVD sacrificial layerass found to decompose cleanly,
leaving behind a maximum of 0.3% of residue bykhéass. Cross-linking renders the
polymer stable in practically all solvents and tesin an onset of thermal decomposition
at 270°C, providing compatibility with subsequentrafabrication steps. The high etch
rate (0.35 um/min) in oxygen reactive-ion etchitignmates the need of a hard mask
during etching. Fabrication using conventional dghaphic, etching, and deposition
techniques resulted in single-level void structures

The concept of additive processing for sacrifidégglers was demonstrated using
dip-pen nanolithography to define patterns of atdrs onto a silicon wafer surface. The
dip-pen lithography was done in collaboration witle group of Prof. Angie Belcher
(Material Science and Engineering, MIT) and utdiza atomic force microscope (AFM)
for defining the patterned regions (Fig. 3). Onae#tgrned with initiator, the wafers were
loaded into a CVD chamber and then exposed to figwnonomer vapors at partial
pressures of 0.1 to 1.0 torr. During the monomew flUV exposure of the substrate
inside the CVD chamber causes the initiator speaciggoduce a free radical site on the
surface to which multiple monomer units can addnishis additive processing scheme
permitted growth of directly patterned layers theacrdicial material,
poly(cyclohexylmethacyrate).
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Preliminary data processing CHMA films with supércal CO, and added
cosolvents of IPA, acetone, and hexane are shoWwigire 4. These results were

/ W/ Dip-pen patterned

AFM Cantilever // initiator
J Figure 3. (top) Use of AFM
" Substrate 9 (top)

enabled dip-pen nanolithography
to apply photoinitiator to a surface.
(middle) The polymeric sacrificial

Polymerization of layer deposits selectivity from
Sacrificial Layer gaseous monomers when the
selectively on e .
substrate surface patterned with initiator is

subjected to UV exposure. (bottom)
AFM micrograph of the result of
additive processing using dip-pen
nanolithography.

compared to the polymer removal by exposure to posolvents under ambient
conditions. Ellipsometry was used to measure fiigkness. Fourier transform infrared
spectroscopy (FTIR) data of the C-H and C=0 absm®antensities at 3000 and 1720
cm-1 verified ellipsometry data. The amount of paéy removed was calculated from an
average of two samples reacted under the sametimorsdwith error bars showing 1ol

200

M 1 hour pure solvent
12 hour pure solvent
M 1st run CO2/solvent

& 2nd run CO2/solvent Figure 4. (top) EGDMA polymer
film removal by processing in pure
solvents of IPA, acetone, and
hexane (filled bars) compared to
reaction with supercritical
CGOy/solvent (striped bars). Error
bars show = b

m)
-
o
<)

(

=
o
o

film removed (n
(o
o

-50

While the polymer removal did vary significantly tveen samples under the
same reaction conditions, trends indicate thatgesiag with a pure cosolvent removed
more CHMA than exposure to the @€bsolvent solutions. It should be noted that
exposure to pure solvents was done for a total3ohdurs while each CQOprocessing
lasted 16 minutes. A second set of reactions ih lioe pure solvent and G@nixture
(striped bars) generally exhibited lower removatlicating that exposure to the solvents
may have only dissolved lower molecular weight comgnts within the film. Within
error, none of the cosolvents appear to perforrreb#ien the others and in all cases only
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partial dissolution was observed. These resultsodsitnate that the iCVD film was stable
in pure liquid solvents as well as when these a@stt were added to supercritical £O
at high pressures, even with rapid depressurizateps.

Industrial Interactions and Technology Transfer:
e Dr. Kelvin Chan, AMAT
e Dr. Thomas Diamond, IBM
* Dr. lacopi Francesca, IMEC
* Dr. Romano Hoofman, Phillips
e Dr. Dorel Toma, TEL

ESH Impact:
Using air (k=1.0) as a dielectric would allow thighest density of devices per

layer and result in the fewest number of metaldsys the chip. This reduced number of
steps results in lower materials and energy usage ia less waste production.
Reductions in the volume of ESH relevant chemitiaig are needed for processing as
well as minimization of photolithography and CMRe®st, which are among the most
expensive, can consequently make a significant anpa lowering the overall cost of
device fabrication. Employing dry removal methodslsas gas phase and supercritical
processing could reduce water and chemical usagé vallso providing advanced
techniques for non-destructive removal of smafihhaspect ratio features.

Publications:

» Kelvin Chan and Karen K. Gleason, Air-Gap Fabrmatlsing a Sacrificial
Polymeric Thin Film Synthesized via Initiated ChealiVapor Deposition, J.
Electrochem. Soc., 153(4), C223-C228, 2006.

 Kelvin Chan and Karen K. Gleason, A Mechanistic dgtwf Initiated
Chemical Vapor Deposition of Polymers: AnalysesDaposition Rate and
Molecular Weight, Macromolecules, 39 (11), 38909882006.

Conference Presentations:

KK Gleason, Design of Chemical Vapor Deposition desses for Low k
Dielectrics and Air Gap Formation, IMEC: Leuverel@um (invited) 1/23/06

* KK Gleason, Mechanistic Aspects of |Initiated CheahicVapor
Deposition (iICVD) of Polymeric Films, 209th Eleatieemical Society
Meeting: Denver, Colorado (invited) 5/9/06

« KK Gleason, Polymeric Nanocoatings by Chemical \fdpeposition, Utrecht
University, (invited as Debye Lecture) 6/14/06

« KKS Lau and KK Gleason, Initiated Chemical Vaporpbsition: Polymer
Chemistry and Practical Applications in Particlef8ce Design, 4th Int. Conf.
Hot-Wire (Cat-CVD) Process, Takayama, Gifu, Japeavited as keynote
presentation) 10/4/06

Next-Year Plan:
Photoinitiated CVD processes for additive and sdiive processing will be
optimized for growth rate, uniformity, absence oiface defects (such as pinholes),
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chemical structure, minimization of EHS impact, ammpatibility with dry polymeric
removal. The chemical structure of the films wik tverified by FTIR and x-ray
photoelectron spectroscopy (XPS). The electricdl mechanical properties required for
the integration of the sacrificial layer into intennect structures will be measured and
optimized.

Air gap test structures will be fabricated usingliide processing and several
strategies will be tested to for removal of theriacl layer. Cross-sectional Scanning
Electron Microscopy (SEM) will be used to examihe test structures before and after
removal of the iCVD sacrificial layer.

The removal process of sacrificial CHMA polymemfd in supercritical C®
solution with added polar cosolvents will be tested conclusively evaluate their
mechanism of dissolution. In addition, the potdnifaa mechanical removal component
through rapid fluid depressurization will be exgdr The effect of adding liquid
monomer as a cosolvent in supercritical,G@ll be also examined as a potential method
for enhanced dissolution of the polymer. Multiptedses report successful dissolution of
polymethacrylate films using similar techniques.| A#moval mechanisms and film
characteristics will be further analyzed using @@ SEM.
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Environmentally Benign Vapor Phase and Supercritical CO, Processes for
Patterned Low k Dielectrics

Personnel:

Pls:
» Christopher K. Ober, Materials Science & Enginegridornell University
» Karen K. Gleason, Chemical Engineering, MIT
» James J. Watkins, Polymer Science & Engineering, Ml

Graduate Students:

» Sal Baxamusa, Chemical Engineering, MIT

* Nelson Felix, Chemical and Biomolecular Engineeri@grnell University
Sivakumar Nagarajan, Chemical Engineering, UMAS ShArst
Shannan O’'Shaughnessy, Chemical Engineering, MIT
April Ross, Chemical Engineering, MIT (graduatednw#h.D, now at Exxon)
Yu (Jessie) Mao, Materials Science and Engineehtig, (graduated with
Ph.D, now a professor at Oklahoma State University)

Undergraduate Students:
e Camille Man Yin Luk, Materials Science & EnginegayjrCornell University

Objectives:
Selective deposition of patterned low k dielectagers is an off roadmap, ESH

focused approach to process step reduction duntegrated circuit fabrication, the
successful implementation of which would represgngubstantial environmental and
economic "win-win". Our long-range objective is develop new methods to deposit,
pattern and process low k materials to meet thema@ goal of dielectric constants
lower than 2.0. We are pursuing several approatthéisese goals. Photoinitiated CVD
(piCVD), an evolutionary approach to assembly of lomaterials, is being investigated
for process simplification potential both duringfiad initiator pattern deposition and then
during growth of low k material on those patterid¢e are exploring the assembly of
molecular glass precursors and porogens, a sequuodach that is a new concept for
engineering the morphology of porous low k mater&tl scales needed to achieve future
roadmap targets. Porogens of selected architectaresbeing used during CVD
deposition to decrease dielectric permittivity. Vee comparing porogens with the
effectiveness of block copolymer assembly for namepformation in ultralow k
materials. Finally, the use of sc&@ being demonstrated as an ESH benign technology
capable of driving the self-assembly of both porsgand the low k material itself and
for ordered pore formation, pattern developmentfara removal of the porogen.

Background:
Significant integration challenges and lack of mate that meet process needs

have slowed the adoption of very low k dielectrazsnpared to earlier SIA roadmap
projections. Introducing new materials to meet oedl dielectric permittivity

requirements and developing new materials thatanmgpatible with current or planned
processes represent two of the top three challeidgesified for the ITRS Interconnect
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Roadmap. Future progress requires fundamental stadheling and novel approaches to
dielectric deposition, patterning, processing aeg@air. The rough and permeable
sidewalls of traditionally patterned porous low laterials pose new challenges for
subsequent barrier and metal deposition stepsjdingvstrong motivation for producing
these features by additive rather than subtragtaterning. At the same time, little
research has targeted the development of new meEesnd materials that are directly
designed to incorporate new ESH concepts for psos@splification or to test ESH
focused process improvement. To tackle these issteeare undertaking a collaborative,
multidisciplinary program that combines three inative approaches to deposition and
processing of low k materials to meet ITRS roadmagl of dielectric constants lower
than 2.0. If successful, the resulting low k matewill be produced using an all-dry
process and patterned using a much simplified gsoftew.

The three participating research groups bring tugyeéxpertise in three distinct
areas: Gleason is internationally recognized forvmerk in chemical vapor deposition,
Ober is known for his work in high resolution ligraphy and the investigation of
molecular glass photoresists while Watkins is ohthe leading innovators in the use of
supercritical (sc) C®in the processing of low k materials. Gleason @tikr have
established a successful track record of collamoran the ERC while Watkins and Ober
have a successful joint program on the templatimd) @atterning of block copolymers.
Each aspect of this program [(i) photoinitiated CVQi) scCQ processing, (iii)
lithography using molecular glasses] is designetkesd new concepts in ESH friendly
semiconductor processing. Each research grouppatsades access to unique facilities
(CVD deposition tools [MIT], scC@processing equipment and nanoimprint lithography
[UMASS], nanofabrication facility [Cornell CNF]) &t is invaluable to this work.

Process simplification and direct pattern formatiah be a valuable part of ESH
aspects of these studies, because novel procdssteavbid costly traditional multistep
lithography have enormous potential economic bendfse of piCVD will enable the
direct formation of small-scale low k structures dyditive processes without separate
expose and etch steps. Conventional aqueous bastopiment is not appropriate for
processing current CVD deposited low k materiaéaoise the non-polar nature of the
dielectric material requires non-polar developeushs as sc C@® High-resolution
lithography itself is also currently undergoing mhiatic improvements as we continue on
the ITRS roadmap to sub-35 nm resolution. It i®al gherefore to incorporate these new
lithographic approaches into our studies of cartd&l#or reduced process flow in low k
materials. These approaches include the use ofeshwavelength sources (EUV), new
molecular architectures (molecular glasses), amtmwentional patterning methods (step
and flash). We believe that by coupling new littaggric methods and materials with
piCVD and processing low k materials with supeicait CO, we have the means
necessary to make important progress.

The unique physicochemical properties of supecdiitfluids (SCF) are ideally
suited to materials chemistry and processing wittemice nanostructures, particularly
those related to semiconductors. The density dfsS@hich can approach those of
liquid solvents, is sufficient to dissolve smallmpolar organic and organometallic
compounds to enable solution-based processing windegas-like transport properties
and absence of surface tension provide marked ggoadvantages. Thus the use of
solution-based processing (no volatility constiginm a “dry” media that flows like a gas
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is nearly ideal for device fabrication. For exaeplecent work has demonstrated the
utility of SCF processing for conformal metal dejfios in high aspect ratio features, the
preparation of ultra-low k dielectric films, etclgiof metals and metal oxides and now
the deposition of conformal semiconductor filmgluding HfO,. Results to date indicate
these approaches can be scaled for utility thrabhghend of the CMOS roadmap. This
represents a significant technical driver and wli8léF technology implementation is
both viable and competitive, SCF processing may aks necessary at 45 and 32 nm
given limitations of existing deposition and pragieg techniques. Moreover, the ESH
aspects of sc CQOprocessing extend beyond the use of benign mediactude higher
conversion of precursors (approaching 100% for hmeddion and low k applications)
and elimination of undesirable chemical constitsenich as fluorinated ligands used to
promote volatility in vapor phase processing.

Method of Approach:

() piICVD: Photoinitiated CVD developed b@leasonis an evolutionary approach to
plasma enhanced CVD, with the main difference béag UV photons, rather than an
electric field, are used to excite the reactivecpeses. Indeed, the use of light exposure
in semiconductor manufacture is well known fromidagnermal processing technology.
The photoinitiated CVD is used to grow the low ktemel by initiating free radical
chemistry from the patterned surface (Fig. 1). Gality is obtained by first patterning a
thin base layer of a material containing abstrdethlgdrogens onto an aprotic base layer
using either (i) DUV lithography or (ii) step anldgh imprint lithography. Next a vapor
phase initiator in the presence of ultraviolet lighused to generate growth sites for the
low k material. Low k matrix precursors are subsadly assembles onto the reactive
surface sites. The low k precursors include CVDabép silicate species which form
molecular glasses.

An existing 200 mm diameter CVD reactor systenth@aGleasonlab is being
used for the photoinitiated CVD. High resolutiorttpening and reactive site deposition
is being carried out at tHéornell Nanoscale Facility. Step and flash lithography v
performed on equipment which is newly available WIASS. All instrumentation
required to evaluate film chemistry (Fourier Tramef IR and X-ray photoelectron
spectroscopies), mechanical properties (nanointienja dielectric properties, and
thermal stability is available MIT .

UV light

Figure 1. Schematic (not to scale) of piCVD
process for selective deposition of patternedl l l l l l l l l l l l l l l

low k dielectric lines (dark grey, right) usin Quartz window

existing 200 mm diameter chamber at MIT. Type Il initiator (vapor) Low kiporogen precursors (vapor)

seee seee
— — i —— I I

Si wafer

(i) Molecular Glass Precursors and Porogens fomtk: We are investigating molecular
glass precursors and porogens for low k matefaddecular glasses are large molecules
(500 to 1000 g/mol) that form non-crystalline buwkd thin film structures. As film
formers they have many of the properties of polyanéfolecular glasses formed from
non-polar hydrocarbon or inorganic materials makeal components for a new
generation of low k materials. Molecular glass preors are being synthesized ®er
using synthetic schemes developed expressly faetbaudies. New structural concepts
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from organic and inorganic materials that provide Kk, high T, thermal stability and
mechanical robustness will be developed. Low digteconstant films will be formed
from these precursors by selected deposition psesascluding piCVD in collaboration
with Gleason.

Porogens and pore formation represent an impodaategy for lowering the
dielectric constant of low k materials. Porogens atdded to a low k matrix to act as
spacers and are ultimately removed leaving air lasyapart of the dielectric. Porogens,
dispersed during deposition into low k materialsll Wwe derived from a number of
materials including small molecules and moleculasses. The strategy of mixing an
organosilicon glass (OSG) matrix and porogen pssrsr grown by CVD will be
compared to the strategy of synthesizing a singe k precursor deposited by other
means, such as a block copolymer (discussed b&omprised of both matrix and pore
forming regions. Porogens will be removed by UV @qre or by scCOprocessing by
Ober andWatkins and the resulting dielectric permittivity of thesew materials will be
thoroughly investigated.

(iii) scCO, Processing of Low k Material®ecentlyWatkins reported a new approach to
mesoporous ultralow k (ULK) silicate films that wived 3-D replication of self-
assembled block copolymer templates in seG&e are investigating this new process as
a simplified alternative to CVD methods. The apptganvolving the
deposition of polymer films and infusion with inamgjc precursor, &
yields families of films with highly ordered spheal pore structures §
(Fig. 2) and dielectric constants as low as 1.8filmM with a dielectric
constant of 2.2 was shown to survive a planar CM8 under
conditions typically employed for dense carbon d@bpeides. Now, |
second-generation template systems based on thassembly of ===
blends of amphiphilic block copolymer surfactarms @#omopolymers Figure 2. TEM image of
- . . . Ly a mesoporous silicate
that exhibit strong interactions with the hydromhisegment of the fim templated by a blend
template are being explored to yield well ordenédd with spherical of a block copolymer and
pores of less than 2 nm. poly(hydroxystyrene).
Nanoscale pores which are significantly smaller ntheeature
dimensions and self assembled to create orderbdrritan random pore arrangements hold the
promise of not only provided dielectric permittivibwer than possible today but also improving
the mechanical properties of the low k materialsevabthe threshold required by subsequent
chemical mechanical polishing (CMP) and flip chgntding steps. An enabling advantage of this
approach is the separation of template prepardtian spin coating and self assembly) and
silicate network formation into discrete steps. indsthis method, structures can be wholly
reproduced in the silicate film with high fidelitive are investigating an extension of the sgCO
replication technique to yield directly patternetikUfilms that will eliminate or substantially
reduce the need for dielectric etch and will offerod dimensional control in small features.
These goals are being accomplished by preparingogiaiternable templates based on block
copolymer resist structures and potentially molacudlasses that will be patterned prior to
infusion. WithOber, new block copolymers and molecular glasses arglsynthesized capable
of template formation and direct lithographic pregiag. Recent feasibility experiments have
demonstrated that selective infusion of exposeddpmiymer resists containing a photoacid
generator prior to development yield patterned edigics directly. Now, the work is being
extended to self-assembled block copolymer regstems. The technique can be expanded to
other means of polymer template patterning inclgdmano-imprint lithography (available at
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UMass with the installation of a Molecular Imprint®l in February ‘06) and substrate-directed
block copolymer assembly. The latter has been dstraied by Nealey and others to yield
superior dimensional control at length scales oh20and less. Direct replication of patterned
polymer templates to yield patterned dielectricsuldorepresent a significant compression of
process steps yielding both economic and techhizaéfit

Highlights of Results and Accomplishments:
()pilCVD

Tethered initiators have been prepared in ordgradav low-k films directly from
a substrate. Both a type | and type Il initiatoesdn been synthesized and tethered to a
silicon wafer for preliminary experiments (Fig. 3he optimal strategy for patterning the
surface tethered initiators is currently being exgdl. Ideally, these initiators can be
vapor deposited in a patterned way using a shadaskmThey can also be initiated in a
patterned way using masked UV exposure. This durategy allows for flexibility in

Fig. 3. Type | and type Il tethered _sl,i_/\/OMN//N\T}
radical initiators synthesized and | o
attached to a silicon wafer. o
PSeae
patterning in growth techniques.

Direct deposition of patterned features by vapgrodéion by using prepatterned,
yet untethered, initiators was also successfullhiea®d. These selective piCVD
experiments were performed utilizing microcontaehiing of patterned type Il initiator
on silicon wafers. Initial pattern features we@ lum by 200um rectangles and the
benzophenone initiator was stamped from an acesohgion. Following stamping,
wafer samples were exposed to 254 nm UV irradiatidhe presence of vinyl deposition
precursors. These conditions did not yield corusudeposition within the feature area
but instead left thin (~3 um) lines of depositioanthrking the outside edge of the
pattern. However, these lines do not always follbe/outline of the stamp (Fig. 4). The
high solubility of the initiator in the solvent wake likely cause of this phenomena,

allowing for movement and concentration of theiadr during the drying of the solvent
on the surface of the microcontact stamp.

Fig. 4. Scanning electron micrograph
of ‘outline’ deposition created by
first patterning experiments showing
fidelity for one rectangle while the
corner of an adjacent rectangle is not
faithfully reproduced. Linewidth of the
directly deposited feature is 3n.

14U ®4, 2688 Spm 13 58 SEI

In order to avoid this issue, another type Il atidr with significantly reduced solubility
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was selected, Michler's Ketone (MK). At first, usé the MK initiator yielded no
deposited material. The affinity of the initiatisgecies for the surface of the stamp over
the surface of the wafer was determined to be thuse To overcome this issue, the
wafer surface was modified with a monolayer of a@rbphobic silane. This created a
favorable change in surface energy of the waféowahg the deposition of completely
filled in 200um scale rectangular features (Fig. 5).

Fig. 5. Optical micrograph of
completely filled 100 x 20@m
rectangular features selectively
deposited by piCVD.

—_

1.0mm

Optimization of process conditions was requiredntier to create thicker features
as initial 100 um feature deposition only reachedotl thickness of 30-50 nm.
Deposition pressure and wavelength of UV excitati@re both optimized, with a final
wavelength of 365 nm irradiation selected. Thisvee¢d for higher deposition rates,
increasing from 50 nm in 45 min to rates as higii.&saxm/min for deposition of 100m
lines (Fig. 6, left).

Fig. 5. Scanning electron
micrograph of lines and spaces at

100um (left) and 25 pm (right) ..
resolution created through -
selective piCVD starting froma "
patterned of surface initiator.
Feature heights are ~300 nmas, .~ ,

determined by profilometry. N ... . o e

Using these improved conditions, smaller Line fesdguin the 10-2%um range
were deposited with good repeatability (Fig. 6ht)g Further optimization of feature
size will be sought through modification of the fage patterning method. Other
lithographic methods such as photo-bleaching ofmk®a initiator films will be
undertaken.

0.04 I
X LNz
O/’I\O i >< 0.03 ~
Fig 6. Dissolution rates of =~/ () 1 ° g oo [ 1
various protection ratios of o L g e =
HHPB in scCQ. Above 70% PO ,
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very soluble in scC». oo o 0 s = ToR=resmmimin]
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_'_ o O>< density (g/ml)
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(i) Molecular Glass Precursors and Porogens

Past work has demonstrated the solubility of srgklss-forming molecules in
scCQ. From this, general trends of sc&sdlubility could be inferred. However, more
specific solubility properties need to be calcuat@ order to design appropriate
molecular glass precursors and porogens for gc@Ocessing. A supercritical GO
dissolution rate monitor (DRM) was used in ordestody and compare the dissolution
rates of molecules with different sizes and funwidies.

Hexa(hydroxyphenyl)benzene (HHPB) derivatives haliewn excellent scGO
solubility while still showing patternability likea photoresist. Using the DRM,
dissolution rates of these fully-protected molesud¢ some conditions were above 400
nm/min. In contrast, HHPB derivatives protectessléhan 70% dissolved at less than 10
nm/min. This suggests that any small molecule witire than one free hydroxyl group
is sparingly soluble in scGOwhile molecules with O or 1 free hydroxyl grougen have
excellent solubility (Fig. 7). This was also intigated using a trisphenol-based
molecular glass.

Molecular glasses of this type have also shownatiitg in their method of
deposition. Because of their small size, theseeoubbés do have a nonzero vapor
pressure at elevated temperatures. Using thisdaet can conceive of vapor depositing
these materials onto a cooled substrate. In thay, vémall molecule photoresist
components have been deposited using a vacuum ehnaghipped with individually-
heated material sources to evaporate the componBhtstoresist films created using this
physical vapor deposition (PVD) process have beattegned and developed with
submicron features shown. These concepts carydasibpplied to low-k analogs of
these components. As an added ESH benefit, thensyshown in Fig. 7 was developed
in pure water.

Fig 7. A three-component
photoresist system applied
using PVD, patterned using an
i-line stepper, and developed in
water.

Materials based on simple sugars have been sym#itesén an effort to make
porogens that can be vapor deposited and have ddoamposition temperature. These
porogens can be inert in type or have reactive ggaio chemically bind it to the
surrounding low-k matrix (Fig. 8). The smallest thiese compounds have a clean
decomposition temperature of <200°C, meaning tbat-geposition processes can occur
at much lower temperatures than used currently.soAlall porogens should be
independently soluble in scGQyiven their small size and non-polarity.(iii) sc€O
Processing of Low k Materials
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Fig. 8. Decomposition
temperatures and weight
losses for two porogens
synthesized. The
porogens on the left
decomnonses clean
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Mesoporous silica films with microscopic and nargsc features are fabricated by
infiltrating silica precursors into patternable ¢tocopolymer templates containing photoacid
generators. In our scheme the PAG serves two pespo$ deprotects the resist while
simultaneously providing the acid catalyst requif@dsilica network formation upon infusion of
the precursor. During this period we have demartestr the feasibility of this approach using a
contact mask. Using selective irradiation, thespnee of acid in the film can be spatially
controlled, vyielding in turn selective condensatioh silica within the exposed regions.
Moreover, because the acid segregates to the hyitlooplock of the deprotected resist, silica
condensation is further localized to the hydrophdomains in the block copolymer template.
Since little silica condensation occurs in the lopdobic domains, which serve as the porogen,
mesoporosity is generated in the patterned filmnuggmnplate removal. The process is shown
schematically in Scheme 1.

222202580252 5%0 Sale 4850 gl F bocst
OpPe®algy®e®,

=@,
R R e

UV expasure

Scheme 1. Using selective irradiation, — yie46  4biss_
the presence of acid in the film can be Sesaibseiatssanisastsetatstt
spatially controlled, yielding in turn

selective condensation of silica within

the exposed regions.

LPosf—exposure bake

Silica infusion C: Photo uckd generator
Generared Acid

--PHOST

LTempInfe removal

reeeeeeeees sParterned silica film

Figure 9 shows an AFM image of a patterned mesasosilica film having ~ 13
pum holes prepared by exposure of poly(styrene-tatgrbutyl oxy carbonyloxy styrene)
(PS-b-PtbocSt) block copolymer (55% PtbocSt) exgpaseng a contact mask followed
by infusion and condensation of TEOS within thetgraied template using GQ@s the
carrier. Triphenyl sulfonium triflate was used &ge photo acid generator. AFM section
profiles in figure 5b reveal sharp sidewalls withiime ~ 200 nm deep features. The
chemical amplification process used to deprotastPi$-b-PtbocSt copolymer is essential
to limit the diffusion of generated acid from expdgegions to unexposed regions. Now
that feasibility has been established, high regmtupatterning is currently underway to
achieve sub-micron features and ultimately to dete® process resolution. The
mesoporous structure of the silica films impartgdrémoval of the block copolymer
template is shown in the TEM image shown in Fig. T®e pores are not well ordered
due to weak microphase segregation in the templgpelymer used for the feasibility
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study. The preparation of well-ordered mesopordugtires using suitable chemically-
amplifiable block copolymer systems are now beixgj@ed.

Figure 9 (a and b): AFM
image of patterned |
mesoporous silica film

templated from P(S-b-tbocSt) :
and its section profile. i

rface distance 3.160 um
riz distance(L) 3.125 pm
rt distance 200.40 nm
1 3.669 °

Section Analysis

Figure 10: TEM image showing the
Mesoporous structures present in the
mesoporous silica film templated from
P(S-b-tbocSt).

Industrial Interactions and Technology Transfer:
» George Barclay, Rohm & Haas Microelectronics
* Heidi Cao, Intel
e Dr. Kelvin Chan, AMAT
e Ralf Dammel. AZ-Microelectronics
e Dr. Thomas Diamond, IBM
e LiJia, Rohm & Haas Microelectronics
* Minggi Li, Rohm & Haas Microelectronics
* Dr. Todd Ryan, AMD
* Richard Schenker, Intel
e Dr. Dorel Toma, TEL
e Dr. Qingguo Wu, Novellus
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ESH impact:

Usage Reduction Emmision Reduction
Goals/Possibilities Energy Water Chemicals PFCs VOCs HAPs | Other
Reduce organic Eliminate |Up to 100% Up to
solvents used in No energy used |need for [reduction of Minimal use [100%
processing to purify and water organic solvents of organic reduction
materials treat water usage used N/A  |solvents of HAPs |N/A

Reduce processing|Reduce anneal

time / temperature |[process costs [N/A N/A N/A  |N/A N/A N/A
Eliminate waste Minimal use
of costly of organic
Additive processing|N/A N/A material N/A  |solvents N/A N/A
Publications:

e Dai, Junyan; Chang, Seung Wook; Hamad, Alyssandreag, Da; Felix,
Nelson; Ober, Christopher K. Molecular Glass Rssfor High-Resolution
Patterning. Chemistry of Materials (2006), 1H( 3404-3411.

* Mao, Yu; Felix, Nelson M.; Nguyen, Peter T.; Ob@hristopher K.; Gleason,
Karen K. Positive- and negative-tone CVD polyécrglectron-beam resists
developable by supercritical GO Chemical Vapor Deposition (2006),
12(5), 259-262.

» Bratton, Daniel; Ayothi, Ramakrishnan; Felix, Neis€ao, Heidi; Deng, Hai;
Ober, Christopher K. Molecular glass resistsnfext generation lithography.
Proceedings of SPIE-The International Society fgoti€l Engineering
(2006), 6153(Pt. 1, Advances in Resist Technolagg Processing XXIII),
61531D/1-61531D/9.

* Felix, Nelson; Tsuchiya, Kousuke; Luk, Camille Mém; Ober, Christopher
K. Supercritical CO2 for high resolution photastsdevelopment.
Proceedings of SPIE-The International Society fgoti€l Engineering
(2006), 6153(Pt. 1, Advances in Resist Technolagg Processing XXIII),
61534B.

* Chang, Seung Wook; Ayothi, Ramakrishnan; BrattoaniBl; Yang, Da;
Felix, Nelson; Cao, Heidi B.; Deng, Hai; Ober, Gtwpher K. Sub-50 nm
feature sizes using positive tone molecular glasssts for EUV lithography.
Journal of Materials Chemistry (2006), 16(15%7Q0-1474.

* Ober, Christopher K.; De Silva, Anuja; Felix, NeisoBratton, Daniel,
Ayothi, Ramakrishnan. Achieving high resoluticatterning using molecular
glass photoresists. Abstracts of Papers, 23138 ANational Meeting,
Atlanta, GA, United States, March 26-30, 2006 @00
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* Felix, Nelson M.; Tsuchiya, Kousuke; Ober, ChristepK. High-resolution
patterning of molecular glasses using supercriticgrbon dioxide.
Advanced Materials (Weinheim, Germany) (2006)4).8442-446.

« A. D. Ross, K. K. Gleason, The CVD of Nanocompasiteabricated via
Ultrasonic Atomization Chemical Vapor Depositionplme 12, Issue 4,
Date: April, 2006, Pages: 225-230

* W. Shannan O’Shaughnessy, Meiling Gao, and Kare®Gl€ason, Initiated
Chemical Vapor Deposition of Trivinyltrimethylcycdlgsiloxane, Langmuir
2006, 22, 7021-7026

* Yu Mao and Karen K. Gleason,Vapor-Deposited Glyci@gpolymer Thin
Films with Improved Mechanical Properties, Macroewiles, 39 (11), 3895 -
3900, 2006.

* Yu Mao and Karen K. Gleason, Positive-Tone Nanepaithg of Chemical
Vapor Deposited Polyacrylic Thin Films, Langmuig @), 1795 -1799, 2006.

* Nagarajan, S.; Pai,, R.A.; Russell, T.P.; Watkihg,*; Li, M.; Bosworth,
K.S.; Busch,P.; Smilgies, D. M.; Ober, C.K. An [Eféint Route to
Mesoporous Silica Films with Perpendicular Nanocieds; submitted to
Advanced Materials, 2006

Conference Presentations:
* C. K. Ober, American Physics Society, Baltimore, Milarch 11 — 12, 2006.
“Short Course Lecture on Lithographyiyvited talk
« C. K. Ober, 231 American Chemical Society Meeting, Atlanta, GA, riéta
26 — 30, 2006, “Achieving high resolution patteginsing molecular glass
photoresists”invited talk

* C. K. Ober, 23rd Photopolymer Conference, ChibpadaJune 27 to June 30,
2006, “New PFOS-free photoresist systems for Elhotgraphy”

* C. K. Ober, 2006 IEEE Lithography Workshop, Chadtiiwn, PEI, Canada,
July 31-Aug 4, 2006. “Molecular Glass Resists: D@ \WWeed Polymers
Anymore?”invited talk.

e Felix, N. M. “Supercritical C@ for High-Resolution Photoresist
Development”, SPIE Microlithography, San Jose, E&h 2006.

* Felix, N. M. “Molecular Glasses for Next-Generatid_ithography”,
INVENT EUV Symposium, Albany, NY, April 2006.

* Felix, N. M. “High-Resolution Photoresist Systenidevelopable in
Supercritical C@', SRC Student Symposium, Cary, NC, October 2006.

» KK Gleason, “Design of Chemical Vapor Depositiorogasses for Low k
Dielectrics and Air Gap Formation”, IMEC: LeuveBglgium (invited),
1/23/06

» KK Gleason, “Fundamentals of Chemically Vapor Defgak Organosilicate
Glass (OSG) Low-k Dielectrics”, MIRAI workshop onntérconnect
Technology for low k Interlayer Insulation”, TsukaJapan (invited plenary),
2/17/06
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WS O'Shaughnessy, DJ Edell, and KK Gleason, “leitiaChemical Vapor
Deposition of Organosilicon Coatings”, 2006 SpriMpterials Research
Society Conference, San Francisco, CA, 4/17/06

KK Gleason, “Initiated Chemical Vapor DepositiorCYD) of Polymeric
Thin Films”, City College of New York City CollegeNY, Chem. Eng.
Departmental Colloquium (invited), 4/24/06

KK Gleason, “Mechanistic Aspects of Initiated Cheali Vapor
Deposition (iICVD) of Polymeric Films”, 209th Eleotthemical Society
Meeting: Denver, Colorado (invited), 5/9/06

KK Gleason, “Polymeric Nanocoatings by Chemical dMapeposition”,
Utrecht University, (invited as Debye Lecture), 806

WS O'Shaughnessy, N. Mari-Buye, DJ Edell, and KK&sbn, “Vapor phase
polymerization of Organosilicons”, PPST 20th Anmsaay Symposium, MIT,
Cambridge, MA, 9/8/06

KKS Lau and KK Gleason, “Initiated Chemical Vapoemsition, 4th Int.
Conf. Hot-Wire” (Cat-CVD) Process, Takayama, Gifigpan (invited as
keynote presentation), 10/4/06

KK Gleason, “Density functional theory applied tbet Chemical Vapor
Deposition of Low Dielectric Constant Materials"RE for Environmentally
Benign Manufacturing Webcast, 11/30/06

Watkins, J.J. International Symposium on SupeoaiitFluids, Kyoto Japan,
Plenary Lecture "Supercritical Fluid Technology ftre Fabrication of
Functional Nanostructured Films and Devices"(Initdovember 2006)
Watkins, J. J. American Chemical Society 2006 Nakting, San Francisco,
CA, PMSE Division " Preparation of Nanostructuredit®tials by the 3-D
Replication of Block Copolymers in SCFs"(Invitecgggember 2006)
Watkins, J. J. American Chemical Society 2006 PelyrBiennial, Key
Biscayne, FL "Preparation of Nanostructured Materidy the 3-D
Replication of Block Copolymers in SCFs" (Invitéday 2006)

Nagarajan, Sivakumar; Russell, Thomas; Watkins, e3am‘Patterned
mesoporous media via 3-D replication in superd@itearbon dioxide”, paper
R24.00005, 2006 APS Annual Meeting, Baltimore, MD.

Next Year Plan:

Synthesis, deposition, and lithographic patterrohghovel type 2 initiating
species to decrease feature size and improve mogho

Photoinitiated CVD of molecular glass low k matkriavith optimized
morphology.

Test utility of novel porogen materials in reducidgelectric constant of
molecular glass structures

Uniform organosilicate ULK film containing ~ 2 nnoges with a dielectric
constant less than 2.1 and a hardness > 1 GPami@ptfilm compaosition
and chemistry. Begin template development for diygmatterned films.
Development of a photo-patternable template for 8@ksion and feasibility
demonstration for a directly patterned ULK film.
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* Prepare and assess new porogens for ULK mateoatpatible with scC®
processing
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Non-PFOS/non-PFAS Photoacid Generators: Environmentally Friendly
Candidates for Next Generation Lithography

Personnel:
Pls:
* Reyes Sierra, Chemical and Environmental Engingelir\
» Christopher K. Ober, Materials Science & Enginegridornell University

Other Research Personnel:
» Dr. Ramakrishnan Ayothi, Materials Science & Engimeg, Cornell
University

Graduate Students:
* Victor M. Gamez, Chemical and Environmental Engrimeg UA
* Nelson Felix, Chemical and Biomolecular Engineeri@grnell University

Undergraduate Students:
* Matthew West, Chemical and Environmental EnginegrihA

Objectives:
This project aims to develop new perfluoro-octylfauate (PFOS)-free (and

perfluoroalkyl sulfonate (PFAS)-free) PAGs and istigate the environmental behavior
of these PFOS-free alternatives. The proposalawittinue work on the development of
PFOS-free ionic and non-ionic PAGs in the Ober gradthis research will be conducted
in close collaboration between the Sierra and Op@ups that will evaluate the
environmental compatibility of the new chemistries.

Background:
Perfluorooctyl sulfonate and related long-chain flperinated compounds

(PFOS/PFAS) are under increased scrutiny as prienvironmental contaminants due to
recent reports of their detection in environmergtatl biological matrices as well as
concerns regarding their persistence and toxicityPFOS has a significant
bioaccumulation potential and this chemical haslaktected in part-per-billion levels in
animals worldwide, including remote locations sashSiberia and Antarctica and in the
international blood bank. In response to the iasirgg concern about the public health
risks associated to PFOS, a major manufacturehisfdhemical, 3M, recently ceased
production of this chemical and the US EnvironmkRtetection Agency is moving
forward with a ban to its manufacture and use.

Nevertheless, PFOS and other long chain perflumthanaterials are vital to
many industrial processes, including semiconduct@nufacturing where they are
utilized in photoacid generators (PAGs), anti-reffiee coating (ARCs) and certain
surfactants. PAGs are light sensitive compounds dh&a used to alter the solubility of
photoresists in regions exposed to UV or e-beamatiad. Perfluorination increases
acidity of the chemical and reduces the volatiifythe generated acids. There is some
urgency in finding a replacement family of matesjabecause any commercial use may
take as long as 10 years to become fully qualified.
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We therefore propose to develop new PFOS-free RipdS-free) PAGs and
investigate the environmental behavior of these $H®e alternatives. Our strategy is to
create PAGs that have acidity equivalent to that RFOS based materials by
incorporating short (1, 2 or 3) lnits next to the sulfonic acid. Our hypothesighist
these materials are environmentally friendly beeabhs additional functions on the PAG
lack fluorination. The performance characteristiob such materials have been
demonstrated [2], but the ESH attributes are \iilguamknown. We therefore propose to
couple work on the development of non-PFOS/non-PAASSS (Ober group) to
environmental studies of these new materials (Sigroup).

Method of Approach:

Ober and his group have synthesized new PFOS- &#bfee photoacid
generators following a design strategy involving ws short Ck segments linked to
sulfonic acid groups. Both iodonium and sulfonium
cation groups will be used for the chromophore.e Th

0™(M)
/
S

O// \\O

resist compatibility, reduce PAG volatility and irope

line edge roughness performance. To date we he
examined alkyl, phenyl ether and alkyl halide gmup
PAGs with such structures are being synthesized -

remainder of the PAG is built from specially syrdized >z
non-PFOS/non-PFAS sulfonium anions and consist E F
functions that are chosen for their ability to imone ‘

YA

R X n

resist performance evaluation and environment F F
assessment. We plan to explore other chemical sudis M o (M)
as lactones, ketones and other groups that haveuseel /

in photoresists to enhance PAG miscibility and oth R m nx

performance factors. A schematic of PAG structuses
shown in the Figure 1.

We are assessing PAG lithographic performan: F F
at both 193 nm and EUV wavelengths in a series o
. . . .. (M)
resists selected from commercial, commercially iesp
and experimental resists for 193 nm patterningh(laoy ”//S\\
and immersion) [3] and experimental EUV resists [4 3 Yo

As we test PAG performance, it will be important t
examine photoresists with  demonstrated hic
performance for valid comparison with existing /
commercial and experimental resists. We expewioidx

closely with the experts at International Sematémh |, ¢ 1 \ /O_ )
resist selection. We plan to make use of the éxuel Y /S\
facilities provided by the Cornell Nanofabricatior O/\O

Facility and those of International Sematech asleée

The activities of SRC supported graduate studeiltdbgy ~ Figure 1 Non-PFOS/non-PFAS PAGs

leveraged in this work, as they will supply the

experimental host resists. structure of the uppermost acid.

Dr. Sierra’s research group is evaluating key
environmental properties of the novel PAGs, 1) their
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bioaccumulation potential;2) susceptibility to biodegradation by microorganisms
commonly found in wastewater treatment systems;3noxic effects. The tendency of
PAGs to accumulate in biosolids is being assayddgustandard techniques. The
biotransformation of PAGs by cometabolism and theiiization as sole carbon source
will be evaluated in laboratory assays. Cooxidatgomential will be evaluated under
aerobic heterotrophic- and nitrifying conditionsssays will be designed to simulate
typical conditions in biological wastewater treatthplants. The new PAGs considered
in this study are only partially fluorinated. Lowslogenated hydrocarbons are generally
susceptible to attack by monooxygenases [5]. Ater@sting approach for the
biodegradation of the non-perfluorinated PAGs isté#le advantage of ammonia
monooxygenases (AMO) of nitrifying microorganisn&ince a nitrification stage is
typically part of the wastewater treatment trairmost publicly owned treatment works
(POTWs), cooxidation with AMO would imply no modifition of existing wastewater
treatment processes to attain biodegradation gdaigicity testing will employ common
indicator organisms (e.g., Microtox assay, toxidibyaerobic and anaerobic bacteria).
Cytotoxicity will be monitored using the MTT asséyitochondrial activity) [6]. In
addition to PAGs, the toxicity of metabolites fraheir microbial conversion will be also
profiled. Compounds passing the initial technicald aenvironmental compatibility
screening will be tested for their treatability bgnventional methods. Treatment of
PAGs is not only a prerequisite for discharge bilt also be required for the reuse of
water. Techniques to be evaluated will includegitty-chemical and biological methods
such as activated carbon adsorption, ion exchaageanced oxidation methods and
activated sludge treatment. This research willefierirom state-of-the-art pilot-scale
effluent treatment facilities available at the NSRC Engineering Research Center for
Environmentally Benign Semiconductor ManufacturfBgrC).

Highlights of Results and Accomplishments:
Cornell University

The new PAGs are readily soluble in common orgaalgents (dichloromethane,
ethyl acetate, acetone and acetonitrile) and maents (PGMEA, DPGM, PGME, EL,
GBL and 2-butanone). In addition to solvents weaksted PAG miscibility in resist
formulations. We prepared both P(hydroxystyreaetyreneeo-t-butyl acrylate) and
P(y-butyrolactone  methacrylam-methyl adamantly methacrylate) photoresist
formulations in PGMEA. The PAGs were incorporaa¢d 0 weight percent with respect
to polymer. High solubility of these PAGs in alletipreferred solvents as well as in a
resist is expected to provide more compositionakilflility and limit the risk of
aggregation during storage. The size of the plesterated acid (PGA) was estimated in
terms of the molar volume using ACD software. Tin@ar volume of the PGA follows
the molecular weight trends within estimated e(toB cnt) [7]. The acid strength was
also estimated by using Taft additive constants [Bhe acid strength and size of both
CsHsOCRCR.SO:H (pKa = -4.86; Size = 178 3 cnt) and CRCR.CR.CRSO:H (pKa =
-4.99: Size = 162 3 cn?) acids are comparable and the difference is wigisiimated
error.

Photoacid generation and photosensitivity. The most important property of a PAG is its
ability to generate acid upon irradiation. This gedy was confirmed by both IR and
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UV-VIS spectroscopy. The photoacid generationalutson was detected by employing
Rhodamine B (Rb), a xanthene dye whose optical gutgs change upon protonation.
This property was used to detect acid generatioa BAG in non-aqueous media using a
UV-VIS spectrophotometer Solutions dye with PAGsafld 2) absorb strongly at 555
nm due to protonation of the dye. Photoacid germsran a film was confirmed using IR
spectroscopy by the formation of PHS from poligd-butoxycarbonyloxystyrene). The
appearance of a hydroxyl absorbance at 3509 after irradiation of the polymer with
PAGs followed by a mild post exposure bake stepOatC results in a decrease in the
characteristictert-butoxycarbonyl ester band centered at 1756" camd confirms
photoacid generation in the film. The experimesfitsw the effectiveness of the PAG but
the results are qualitative in nature. In mict@graphy studies, the energy to cleay) (E
and energy to size (Es) is commonly used as a measphotosensitivity of a particular
CAR system. The smaller the required dose, the mensitive the resist formulation.
Photosensitivity measurements were carried outguairpositive tone high activation
energy resist [P(H8e-S-co-tBA); 10 % tBA] with ~ 2 wt % PAG with respect tesist
(same molar concentration of PAG). Thg as found to be 1.36 mJ/érfor both
iodonium PAGs (SF1 lodonium and DPI PFBS) and 1af@ 1.70 mJ/cffor SF2
sulfonium and TPS PFBS indicating that PAG 1 anldeRave similar to the standard
PAG. In order to determine the Es, DUV experimenése performed with standard
P(HS<o0-ScotBA), photoresist (25 % tBA). The resist film ¢aming all the PAGs and
a standard ESCAP polymer (25 % tBA) resolvednlto 500 nm feature size upon
exposure to 254 nm. The Es for all the PAGs werthé range of 8 — 10 mJ/énThe
experiment above confirms that the performance haf hew PAGs in chemically
amplified resists is comparable to or better thanventional, less environmentally
friendly PFOS and PFAS-based PAGs.

E-beam and EUV lithography imaging. The role of PFOS free PAGs as an effective
tool to catalyze the deprotection of high activatigpe acid labile groups (~ 35 kcal/mol)
in a positive tone chemically amplified resist ssbdemonstrated through E-beam and
EUV lithography. E-beam experiments were perfornted understand the basic
lithographic response (sensitivity and resolutiohjhese PAGs since e-beam patterning
is considered to be a close analogue of EUV lithpgy. The same resist compositions
were then evaluated in EUVL experiments. High atton type P(HS:0-Sco-tBA) and
P(GBLMA-co-MAdMA) photoresists were selected for imaging expents as both are
used extensively as photoresist materials for 248 and 193 nm lithography with
potential for EUVL application.

The lithographic experiments were conducted usingndard processing
conditions including commonly used solvents andetteper. The best and most
reproducible results in terms of sensitivity andotation were achieved by optimizing
the processing conditions used for DUV lithograpig discussed above, initial imaging
characteristics of PFOS free PAGs as well as PFBSsPin P(GBLMA-co-MAdMA)
and P(HSeo-ScotBA) photoresist were evaluated using e-beamatami. As an
example, Figures 4 and 5 show top-down SEM micaggaobtained for a resist film
containing P(GBLMAeo-MAdMA)-iodonium PAG and P(HSo0-S-co-tBA)-sulfonium
PAG after development with 0.26 N TMAH. P(GBLM#Zo-MAdMA)-sulfonium PAG
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and P(HSeo-S-co-tBA)-iodonium PAG resist performance under e-baashation and
their high resolution SEM images are shown in thgpsrting information.

Subsequently, EUVL experiments were performed willms containing
P(GBLMA-co-MAdMA) photoresist and PFOS free as well as PFRBim PAGs. We
selected the P(GBLMA&o-MAdMA) photoresist because it shows better ovamadging
performance with e-beam radiation under simple ggsing conditions. Line and space
patterns down to 30 nm were resolved. The dosaireztjto resolve sub 40 nm L/S for
the all the resists were lower than 8.6 mJcnirigure 2 shows high resolution SEM
micrographs of the P(GBLMA&o-MAdMA)-sulfonium PAG resist that was exposed to
EUV radiation and developed using aqueous 0.26 MHAM

Mo DMpn 30
m  EWT= 3K Plel

ESBGrd = 1500V =SE2  Date 9 Dec 2005
Pixel Size = 7.8 tm =SE2 Time 180129

Figure 2. SEM micrographs obtained with P(GBLMAMAJMA) film containing TPS PFBS (Top; Es =
8.6 mJ/crf) and SF1 sulfonium (bottom; Es = 7.5 m¥rexposed to EUV radiation and developed using
0.26 N TMAH.

University of Arizona

« Analytical methods have been developed to detatgaantify the ionic PAG
compounds supplied by Dr. Ober’'s group. Compouralyais is performed
using an ion chromatograph fitted with an Acclaioid? Advantage Il, C18
column (Dionex), and a suppressed conductivity dete A mixture of 20
mM boric acid (pH 9.0) and 95% acetonitrile wasduae the mobile phase at
a flow rate of 1 ml/min. Different gradient programere developed for the
separation of the various PAGs. Non-polar compousdsntly received will
be determined by high performance liquid chromapgy (HPLC) with
ultra-violet (UV) detection. Compound degradatios monitored by
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% of Control Activity

chromatographic methods and by analysis of fluorielease (using an ion
selective electrode).

Microbial toxicity experiments with several PAG cpounds (sodium salts)
and with the PAG counterions, diphenyliodonium &ighenylsulfonium, are
currently ongoing. Perfluorobutane sulfonate (PEB%) commercial
compound that has been proposed as a more envintaliye benign
alternative to perfluorooctane sulfonate (PFOS} &lao been included as a
reference compound in these assays. The toxiditthese compounds to
methanogenic microorganisms has been tested iysagsiizing acetate and
hydrogen as substrate. Methanogens are importaotoonganisms in
anaerobic wastewater treatment systems and thaiityacs required to ensure
effective removal of organic matter exerting biotad oxygen demand
(BOD).

PFBS and the tested PAGs (sodium salts) werenhdiiiory to hydrogen-
utilizing methanogens at the highest concentratested, 500 mg/l (Fig 3).
Acetate-utilizing methanogens were more sensitivel aome of the
compounds tested caused significant inhibition whiesent at relatively high
concentrations (500 mg/l). The PAG counterions,hdiyliodonium and
triphenylsulfonium (Fig. 4), were also found to m®derately inhibitory. A
concentration of 400 mg/l of either counterion tesiiin 50% inhibition of
the activity of HB-utilizing methanogens, and approximately 32% iittah of
acetoclastic methanogens.
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Figure 3. Effect of different PAG compounds (508w the methanogenic activity of: (Left panel):
hydrogenotrophic methanogens; (Right panel) acesiitd methanogens.

Additional assays will be performed to evaluate thwact of PAG
chemicals to other key microbial populations in tgaster treatment systems.
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Figure 4. Chemical structure of the PAG i ”_4©

counterions diphenyliodonium and
triphenylsulfonium
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« Preliminary assessment of the cytotoxicity of seVB¥AG compounds (sodium
salts), PFBS and the PAG counterions, diphenyliadon and
triphenylsulfonium, has been performed using aromletric method, the MTT
cell proliferation (cell growth) assay. The MTT agss widely used in the
testing of drug action, cytotoxic agents and sdreenther biologically active
compounds. The assay is based on the cleavage getlow tetrazolium salt
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetzalium bromide) to purple
formazan crystal by a mitochondrial dehydrogenaseyme of metabolic
active cells. The number of surviving cells is dthg proportional to the level
of the formazan product formed, which can be qtiadtiusing a simple
colorimetric assay.

The toxic response of PFBS and different PAGs enNFT T assay is illustrated
in Fig. 5. Only one of the PAG compounds (PF1) ldigpd toxicity in this

assay with a 50% inhibitory concentration of 90.§/ImThe rest of the PAGs
did not cause any inhibition even when presenbatentrations of 500 mg/l or
higher. In contrast, the counterions, diphenyliadomand triphenylsulfonium,
were highly inhibitory and displayed 50% inhibitiah concentrations of only
3.6 and 15.6 mgl/l, respectively. Additional expegirts will be performed to
confirm the high toxicity of the PAG counterions.
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- Biodegradation assays have been initiated withrabV®AG compounds and
are currently ongoing. Biodegradation assays wiHB® are also run in
parallel. Current experiments aim at evaluating fusceptibility of the
compounds to degradation under conditions that ptendegradation of
highly halogenated compounds including aerobic wlettophic - and
anaerobic reductive dehalogenation mechanisms.va#teti sludge and
anaerobically digested sludge, both obtained fromloeal municipal
wastewater treatment plant, are used as inoculuimeimerobic and anaerobic
degradation experiments, respectively. Both inoara characterized by a
high microbial diversity. No significant fluorideelease has been detected in
the aerobic degradation experiments after 8 weékscabation, nor in the
anaerobic assays after only 1 week of incubatioxterifled periods of
adaptation are often required to attain initial da@gradation of complex
aromatic compounds. Therefore, monitoring of thessays will be continued
over the coming weeks/months.
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Industrial Interactions and Technology Transfer:
* Jim Jewett (jim.jewett@intel.com), Intel Corporatio
» Ralph Dammel (ralph.dammel@az-em.com), AZ-Microetedc Materials,
Inc.

* George Barclay (GBarclay@rohmhaas.com), Rohm aras Ha
Microelectronics

ESH Impact:
The creation of new, high performance photoacidegaiors is needed in view of

the EPA ban on the use of PFOS/PFAS chemicals. Swdus also provide an

opportunity to optimize PAG design for next generatithographies. However, little is

known if simple chemical changes are sufficientntake new PAGs environmentally

acceptable. These studies will thus be of criticaportance in assessing synthetic
strategies for environmental acceptability and Ww#l used to guide the design of new
PFOS-free photoacid generators.

Publications:

* Daniel Bratton, Ramakrishnan Ayothi, Hai Deng, Hel. Cao and
Christopher K. Ober, “Diazonaphthoquinone Molecuzlass Photoresists:
Patterning without Chemical Amplification GChem. Mater, submitted.

* R. Ayothi, Y. Yi, H. Cao, Y. Wang, S. Putna, C. Kber, “Photoacid
Generators Containing Arylonium and Aryloxyperfloalkylsulfonate
Groups for Chemically Amplified Resist<Chem. Mater, under revision.

* Ramakrishnan Ayothi, Seung Wook Chang, Nelson Feéledi B. Cao, Hai
Deng, Wang Yueh, Christopher K. Ober, “New PFOSeFRhotoresist
Systems for EUV Lithography” Journal of Photopolymer Science &
Technology19(4): 515-520 2006.

* Ramakrishnan Ayothi, Yi Yi, Christopher K Ober, $&ePutna, Wang Yueh
and Heidi Cao, “All-organic Non-PFOS Nonionic Phatm Generating
Compounds with Functionalized Fluoroorganic SultenaMotif for
Chemically Amplified Resists”,Proceedings of SPIE-The International
Society for Optical Engineerin@006), 6153 -61530J.

» Daniel Bratton, Ramakrishnan Ayothi, Nelson Feldeidi Cao, Hai Deng,
Christopher K. Ober, “Molecular Glass Resists foexN Generation
Lithography”, Proceedings of SPIE-The International Society fagsti€al
Engineering (2006), 6153 61531D.

* Ramakrishnan Ayothi, Yi Yi, Nelson Felix, ChristaghK. Ober, Heidi Cao
and Wang Yueh, “Non-PFOS photoacid generating camg® for chemically
amplified resists”Polymer Preprints(2006), 47(1), 528-529.

* Seung Wook Chandgamakrishnan AyothDaniel Bratton, Da Yang, Nelson
Felix, Heidi B. Cao, Hai Deng and Christopher K.e@ld'Sub 50 nm Feature
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Sizes using Positive Tone Molecular Glass Resst&UV Lithography”,J.
Mater. Chem 2006,16, 1470.

Conference Presentations:

» C. K. Ober, 23rd Photopolymer Conference, ChibpadaJune 27 to June 30,
2006, “New PFOS-free photoresist systems for Elholgraphy”

* C. K. Ober, 2006 IEEE Lithography Workshop, Chadtiwn, PEI, Canada,
July 31-Aug 4, 2006. “Molecular Glass Resists: D@ \Meed Polymers
Anymore?”, invited talk.

 C. K. Ober, Advanced Metallization Conference (AMZ)06, San Diego,
CA, October 17-19, 2006. “Molecular Glass Photatssi Do We Need
Polymers Anymore?'invited talk.

* C. K. Ober, University of North Carolina at Chaptill, Chapel Hill, NC,
Nov. 10, 2006. “Rethinking Photoresists: New Ammioes to Making Very
Small Structures’invited talk

Disclosures and Patents:

A patent application has been filed on ionic no®Bmon-PFAS PAGs
following the general design strategy describedhim proposal. Details of this patent
application can be obtained at the Cornell Center Technology, Enterprise and
Commercialization.

Next-Year Plan:

Cornell University Research will focus on new PFOS free photoacid rgeoes,
especially lactone containing PAGs. These materslow excellent performance
characteristics for both EUV and also 193 nm litlapdpy. We plan:

1) Synthetic studies of the new PAGs.

2) Lithographic characterization of the PAGs

3) Sample preparation of bioassay studies.

University of ArizonaResearch to be conducted in the second year girtpect will
complete ongoing work aimed at evaluating key emrmental properties of the novel
PAGs developed by the Cornell University, in patiac:

1) Susceptibility to biodegradation by microorganisreemmonly found in

wastewater treatment systems;

2) Toxic effects;

3) Tendency of PAGs to accumulate in biosolids.

Compounds passing the initial technical and enwvirental compatibility screening will
be selected for further study. In the last yeathef project, the most promising PAGs
will be assessed for their amenability to treatmmntonventional methods.
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CMOS Biochip for Rapid Assessment of New Chemicals
Personnel:
Pls:

* David Mathine, Optical Sciences Center, UA

* Raymond Runyan, Cell Biology and Anatomy, UA

Objectives:
The production of a CMOS-based device comprisingqay of electro-optical

detectors housed within a control reactor amen#bleell culturing and microscale
biochemical studies. The device will be used f@idaassessment of the toxicity of new
chemicals at the molecular, cellular and tissuele\Aims include:

1. Fabricate CMOS circuitry to orchestrate electrocicemand photometric
measurements of chemical reporters.

2. Construct a microscale reaction chamber that pesviddequate control of
experimental conditions, including maintenance ofstarile environment
suitable for long-term hosting cells and tissues.

3. Genetically engineer cells and tissues for useadsifgers of toxicity.

4. Demonstrate on-device assessment of the toxicilyGE (known toxin) then
move on to new chemicals.

Background:
Traditional means of determining chemical toxidiypically involve expensive

and laborious animal studies. These methods cakeey pace with the rapid pace of
development of new chemicals introduced by indusiffte advent of biosensing
technology promises to yield a high-throughput nseaf screening even complex
mixtures of chemicals for toxicity. By monitoringe physiological activity of cells and
tissues, investigators can identify signature rasps that indicate toxic insult.
Monitoring levels of specific gene or protein exgg@n, cell death and proliferation, and
cellular action potentials are some of the wayw/lnich researchers can assay whether a
treated model exhibits stress response.

Our approach develops a multi-functional biosen®orthe measurement and
analysis of cellular responses to experimentalrmetgions or environmental stimuli.
The goal of this work is the fabrication and denmisn of a flexible and inexpensive
electro-optical platform that can be adapted tcayss wide variety of toxicological
endpoints. As one example of the device’s appboathuman cells can be genetically
engineered such that certain proteins they produceaction to toxic insult are coupled
to fluorescent reporters detectable by on-devicetquetectors. Exquisitely sensitive,
optical measurements of this fluorescence can eé tismonitor cell health in real time.
Our multisensor fusion approach will permit us t@niior numerous physiological
processes simultaneously (gene and protein expressellular electrical activity, cell
proliferation, etc.) and thus provide a multiforresay of cell health. This will in turn
permit online toxicity testing of individual chenails and complex mixtures.

Method of Approach
Three main aims must be accomplished before raglitie proposed technology:
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1. Next-generation fabrication of a CMOS platform withulti-channel optical and
electrochemical detectors integrated into a steol&rol reactor.

2. Demonstrate toxic assessment of cells.

3. Development of cell lines that generate molecuias will “report” cell health to
the electro-optical detectors.

Aim 1: Device Fabrication

While a prototype device with a CMOS detector dimpised within a biochamber
has already been constructed, work continues ia #nea. Specifically, fabrication
already-designed optical filters that capture twasmel fluorescent emissions while
filtering excitation wavelengths requires complatioNext multisensor fusion will
proceed, in which these optical detectors will erged with electrochemical sensors on
single pads. A pump system has been devised fostdrde, low-flow introduction of
analytes (DNA, cells, etc.) into the biochamber lhat yet to be purchased and installed.
Finally, as the final product is meant to be a-selitained unit, on-board power and
information storage equipment will need to be desthand fabricated as well.

Aim 2: Toxic Assessment of Chemicals

Initial work concentrated on calcium studies discwith exposure to TCE. TCE
was chosen because it is a known toxin and carsed to verify the sensor approach.
Calcium was chosen since it is a common intracgllolessenger used in cells. Initial
results were successful in showing toxic resporfséeart cells. Future work will
concentrate on new chemicals.

Aim 3: Development af vitro Models

Based on previous results collected by other labsvall as our ownn vivo
studies, exposure to different chemicals leadsistindt patterns of altered gene and
protein expression in specific tissues. Cellulad amolecular techniques will be
employed to produce a cell line that reproducibilg guantitatively expresses fluorescent
reporters in response to the introduction of chahlmstimuli. The response will manifest
itself as an up-regulation of the expression of @dhe of the reporter transcripts while
leaving the other unchanged. This will lead to gmeduction of proteins that can be
measured in ratio to one another via their intdresid distinct fluorescence.

Initially, two constructs will be developed. Thesti will clone the promoter
region of CYP 1Al into a vector encoding for gréleorescent protein (GFP). CYP 1A1
is a metabolic enzyme whose expression is indut@&strogen receptor positive MCF-7
cells in response to exposure to aromatic hydracerbsuch as benzo[a]pyrene. The
second construct will result after cloning the paten of a housekeeping gene coding for
the ribosomal 18s protein into a vector encodingpwyefluorescent protein (YFP).

In vitro experiments using fluorescent confocal microsceply confirm the
specificity and linearity of reporter response tenbo[a]pyrene and set benchmarks
against which biosensor performance will be congharater we intend to expand the set
of chemicals tested and organs/systems targetddstity input will guide the classes of
chemicals explored in this later research.
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Highlights of Results and Accomplishments:
I. CMOS Integration

A first generation biochamber
has been constructed for maintaining
and monitoring cell health. Cells and
analytes can be injected into a PDMS
inlet port. They are then transportec
through a microfluidic channel to the
PDMS growth chamber. This growth
chamber puts the cells and analytes i
contact with a silicon smart chip for
electrical and optical monitoring of
the cells’ health and environment.

A new packaging approach
has also been developed for rapic
integration of fluids with the CMOS
chip (Fig. 1). This package allows
the fluid to make an intimate contact
with the CMOS chip without shorting
the electrical bond wires and is compatible witisexg wire bonding approaches.

Figure 1. CMOS chip packaging for integration of
fluidic substances with a CMOS chip.

[1. Calcium Studies

While toxins may act via a variety of mechanisms, lmave an interest in using
assays that can be optimized for utilization in ®EIOS biosensor. Calcium is a
common intracellular messenger used in cells. Restedies in the Runyan lab showed
that the solvent, TCE, altered expression of séwalaium channel genes in developing
hearts. This lead to the prediction that calciuandiing would be altered in cells
exposed to low levels of TCE. While TCE is notodent of major concern for current
manufacturing, it provides a useful toxin for lagimry studies as it is commonly found at
Superfund cleanup sites, Figure 2 shows differencecalcium handling within TCE
exposed cells using the fluorescent dye, FuraI® dells were exposed in culture to low
levels of TCE for 24 hours and then treated witlssepression (VP) to produce an
intracellular flux of calcium that could be measil®y changes in fluorescence. The data
show that intracellular calcium is delayed in bottease and uptake from intracellular
stores but that the total calcium flux is much ¢gean TCE treated cells. This may
indicate the involvement of cell surface calciunamhels as well. The images shown in
this figure were produced with a conventional mscape and CCD camera, but we
expect that the greater sensitivity of the CMOSpahill be able to provide efficient
measurement of calcium changes and a more acauedsurement of calcium release
from the intracellular store.
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Control for 10ppb/100ppb TCE cells @ 10nM VP

Treated: 10ppb TCE cells @ 10nM VP

Low Calcium High Calcium flow
flow
Figure 2. Panel of images captured at equivalgatvals after treatment with vasopressin to indace

calcium flux. Calcium intensity was measured lpfescence and the scale was concerted to false col
as indicated. The data show that calcium can keldeed as a sensitive indicator of exposure.

[11. Ascorbic Acid Characterization

The electrochemical characterization
of the cell culture media contains a wealth of
information about cellular metabolism.
Ascorbic acid concentration is an indicator of
cellular metabolism and therefore provides g
information about cells exposed to a toxic &
chemical. 0

We have simplified the problem by
starting with ascorbic acid in PBS, next more -1—————+—%——,
complex mixtures will be evaluated. Cyclic Time / Sec
voltammetry was performed using a Au-Pt-pfigure _3. St_udies show a definite dependence on
set of working electrodes to monitor the3SCOTPic acid concentration.
chemical change. Fig. 3 presents a
chronological display of the resulting current aiople for each cyclic voltammetry
scan. This display superimposed five runs fromngles series. Each run showed the
detected response to a unique ascorbic acid mpolasitthe as the ascorbic acid was
increased from 0 to 532Muin 133 M increments. This figure was generated to realize
the effect of the time course on the current waweforesulting from the CV input signal.
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Table C-1. ESH Metrics

I) Basis of Comparison - Current best technology involves animal stutledetermine
toxicity of new chemicals. Approaches to solve giioblem center around
reduced usage of toxic materials.

[1) Manufacturing Metrics - The new approach aims to increase the througbfpu
chemical toxicity testing so that new chemicald wat be introduced into the
manufacturing line before the toxicity effects loése chemicals is known.

[11) ESH Metrics
The goals of this work are to determine the toyioitnew chemicals. This work
hopes to define the standards for toxicity

Interactions with Other ERC Projects:
This is a module in the overall plan to developearironmentally benign recycle
process (Task C-4).

Next-Year Plan:
» Test optical and electrochemical sensors on prpeo@MOS biochip
* Expand Ca testing to chemicals other than TCE
* Optimize CMOS circuitry based on preliminary result

Long-Term Plan:
» Demonstrate the assessment of the toxicity of nesmacals
» Develop and demonstrate an automated, self-coutamechip capable of
easy online integration and operation.
* Work with manufactures to assess chemical toxicitpew chemicals in the
early stages of development.
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Environmentally-Friendly Cleaning of New Materials and Structures for
Future Micro-and Nano-Electronics

Personnel:
Pls:
» Prof. Yoshio Nishi, Electrical Engineering, Stardfdgniversity
» Srini Raghavan, Materials Science and Engineelidy,
» Farhang Shadman, Chemical and Environmental EngnggéJA

Other Research Personnel:
» James P. McVittie, Electrical Engineering, Stanfordversity

Graduate Students:
* Jungyup Kim, Materials Science and Engineeringnféta University
* Nandini Venkataraman, Materials Science and EngingeUA
» Asad Igbal, Chemical and Environmental Engineerumw,
e Junpin Yao, Chemical and Environmental Engineeling,
* Harpreet Juneja, Chemical and Environmental EngimgeUA

Objectives:

» Develop a fundamental understanding of the perfooaaf semi-aqueous
and all-aqueous chemical systems in cleaning coppde residues

» Evaluation of metal removal efficiencies of aquesakutions from Ge
surfaces.

* Evaluation and modeling of the halide passivated@éaces.

» Proposal of a baseline aqueous cleaning metho@dor

» Determine the fundamentals of moisture interactisitls blanket, and
patterned porous low{films: Loading, outgassing dynamics, transport,
incorporation and removal of moisture in all formghe matrix.

* Develop a process model that could be used tomlesigore efficient purging
and drying process for contaminated lkitms.

Background:

Cu Cleaning
Removal of post-etch residues (PER) from copperagaene structures requires

chemical formulations that can penetrate narrogh laispect ratio features. Additionally,
these formulations must exhibit a high degree édécdiwity in removing copper oxide
over the underlying copper without attacking the lodielectric sidewalls.

Several semi-aqueous fluoride based chemistrié€CYShave been developed
commercially to meet this end, where the fluoridgnponent functions as the active
ingredient in removing copper oxifé Because of the general desire to decrease the use
of solvents in fabrication plants, much attentismpaid to the development of all-aqueous
formulations. Of these formulations, those base@mmonium phosphate and a mixture
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of organic acids have gained the most attentiore ©Ouhe proprietary nature of many of
these formulations, their mechanism of action iskmown in the open literature.

Ge Cleaning
Germanium is an important material for applicatiamshe next generation high

mobility devices. Metal contamination causes detntal effects including premature

dielectric breakdown andg/shift. Therefore effective surface cleaning anepgration

of Ge substrates are becoming important and am@atrior successful integration and

realization of the high mobility substrate. Effeetisurface cleaning involves removing
metal contaminants with minimal consumption andgrmess of the Ge with sturdy

surface passivation characteristics. Bulk contatiunaof the wafer evaluated. Metal

removal efficiencies of various aqueous solutiorserevaluated and the fundamental
mechanisms were developed with oxidation redugtiotential and Pourbaix diagrams.

Passivated Ge surface layers were studied and sddeikh synchrotron XPS. The

differences in passivation properties among theedeaqueous solutions were explained
by an oxidation model initiated by water moleculémally, a baseline aqueous solution
cleaning method was proposed for efficacious clegaof the Ge surface.

Drying of Porous low-k
Ultra-low-k materials, are highly susceptlble to atmospheric lemuar

contamination (AMC), especially moisture and organl The porous nature of the
low-k dielectric films also results in retention and inmaration of moisture which might

lead to outgassing in further processing steps Moisture, even in very small
concentrations, can deteriorate the effective diateconstant value significantly, given
that the dielectric constant value of water is ig las 80. Previous studies have shown
that certain fabrication steps, such as, plasma etcaimdjor ashing, can dramatically
affect the physical properties of porous Methysitgeoxane (p-MSQ) low-dielectric
films®*® which in turn may affect moisture uptake of thlenf Moisture uptake and
clean up has a complex dependence on the solubilidydiffusivity values of the cap
layers. In order to design a process which canmime the impact of moisture, it is
critical to understand the fundamental interactimechanism between moisture and low-
k materials. In this study, a methodology is depel to study molecular interactions
with low-k dielectric materials and is used to compare thecefobn as-received and
processed films. The proposed model fits well \ilid experimental data.

Method of Approach:
Cu Cleaning:

In this study, semi aqueous fluoride chemistrieseld on Dimethyl Sulfoxide
(DMSO) and all -aqueous chemistries based on ammonhydrogen phosphate
((NH,).HPQOy), have been investigated for their ability to seleely remove copper.
Cleaning experiments were carried out on coppetteokims formed on polished copper
blanket wafers by thermal oxidation at 300 The thickness of copper oxide was
determined by an electrochemical reduction tecteflquFilms of thickness 55 nm,
formed by oxidation for five minutes at 3@ were used for most experiments. The
removal rate of copper oxide and copper was deteniby immersing samples in
various chemical systems and measuring the coratemtrof copper in the solution. DC
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electrochemical investigations were conducted usinBotentiostat/Galvanostat (PAR
263A). A Gain Phase Analyzer (Solartron SI 1260% waerfaced with the Potentiostat
to facilitate EIS studies performed to investig#te transition from copper oxide to
copper.

Ge Cleaning:
Ge doped p-Ge(100) single crystal CZ wafers wesxedufor the analysis. Small

piece of the wafer was completely dissolved in atane of nitric and hydrochloric acid
and the effluent was measured using Inductively gl Plasma-Mass Spectrometry
(ICP-MS). The metal cleaning efficiency of aquesahkitions were evaluated by utilizing
wafer scanning analysis (WSA) method (shown in FadLa)

Metal V
$&I —_—t

e — (&)
(a) /

Figure 1 (a) Ge wafer is intentionally contaminateith metal and (b) wafer scanning analysis (WSA)
method employed for evaluating the metal cleanffigiency of a particular solution.

The relative stability of the passivated Ge stefagainst atmospheric oxidation is
evaluated by exposing the Ge surfaces treated bgeotrated HF, HCI, HBr and HI
solutions and looking at the time to oxidationiatibn as indicated by the increase in the
oxygen 1s signal in the high resolution XPS. Hatogmssivated Ge surfaces were
probed with synchrotron XPS to determine the serfaend structure. The surface bond
structure, electronegativity and size effects & fhassivating species allows one to
develop an explanation for the trend of better ipasisn for heavier halogen species.

Drying of Porous Low-k:
The experimental procedure consisted of the folhgwsteps: initial purge and
bake, isothermal sorption, isothermal desorpti@ipived by a baking cycle. Before

each experiment, the reactor was purged and bahkeer zero-gas nitrogen up to 380

to desorb any residual molecular contaminants fittve wafer surface. Moisture
concentration in the outlet-gas from the reactos wae primary variable monitored
during each experimental run. Experiments wereiazhrout at different temperatures

from 25 to 3880 and for concentrations from sub ppb levels to pgprals.

Highlights of Results and Accomplishments
Cu Cleaning

Figures 1(a) and 1(b) show the removal rate of eopxide and selectivity
between copper oxide and copper in various SAC dtations containing different
volume percent of DMSO and HF. The removal rategases with concentration of HF
for a given solvent concentration. Formulations hwlbwer solvent concentrations
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(correspondingly, higher amount ob®l and higher electrical conductivity) are observed
to have higher etch rates and selectivity. The tdaton with 49 vol% DMSO, 2 vol%
HF and 49 vol% KO (pH 4.2) has the highest copper oxide removal 0o&t170 A/min
and also the highest selectivity between coppeteoand copper of 42:1.
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Figure 1(b): Selectivity of Copper Oxide over

Figure 1(a): Removal rate of Copper Oxide as a
Copper as a function of %HF in SAC chemistry

function of %HF in SAC chemistry

Ammonium Hydrogen Phosphate ((WeHPO,) based all-aqueous chemical
systems have also been evaluated as candidatesrioving copper oxide. The removal
rates and selectivity have been investigated as@ibn of concentration of (NjEHPO,
and pH as shown in Figures 2(a) and 2(b) respdygtiBeth removal rates and selectivity
increase as the pH is made more alkaline. Fornomatiith 15 wt% of (NH),HPO, is
shown to have the highest removal rate of 115 A/with a selectivity of 8:1 between
copper oxide and copper. The highest selectivitylofl has been observed in the
chemistry with 5 wt% (N),HPO;, with a corresponding removal rate of 80 A/min.
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Figure 2(a): Removal rate of Copper Oxide as a Figure 2(b): Selectivity of Copper oxide over Coppe
function of pH in (NH),HPO, based chemistry as a function of pH in (Np,HPO, based chemistry

The semi aqueous formulation containing 49% DMS®,HF and 50% LD (pH
4.2) was chosen for the EIS investigations. Theedamce spectra collected in the
frequency range of 100 kHz to 0.1 Hz with an ACtydration potential of 5 mV is
shown in Figure 3 as a function of time.
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Ge Cleaning:

Bulk contamination levels of the Ge wafers arewahan Figure 3(a). Ga
concentration was measured at 1.9E1dcntsing the resistivity vs. impurity
concentration graph in Figure 3(b) with the resistiof 1.5Qcm for the sample gives us
a corresponding impurity concentration of 2E1Zcmhich corresponds well with the
measured value. Therefore this bulk contaminati@asurement method is reliable. Al,
Ca and Fe show the highest levels of contaminatiaine bulk whereas Cr, Co, Li, Ti
and W have levels below the detection limit.
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Figure 3:(a) Bulk contamination level of the p-G&Q] wafer by complete dissolution of a small piete
wafer and measurement using ICP-MS showing Ga ctrat®n of 1.9E14cil (b) Resistivity vs.
impurity concentration graph that gives an impuritpncentration of 2El4ctthat corresponds to
resistivity of 1.52cm for the sample wafer (S. M. Sze, Physics ofc®edhictor Devices,"2 Edition).

Figure 4 shows the cumulative metal removal efficieof Cu, W, Ti, Cr, Co and
Ni in concentrated HF(49%), HCI(36%) and HBr(48%jueous solutions. W shows
limited metal removal efficiencies for all thredwgns. Cu shows limited metal removal
efficiency for HF but is efficiently removed in H@hd HBr. Concentrated HCI| and HBr
solutions have enough oxidation potential to remGue These differences between the
different solutions can be explained using the ddath electrode potential and Pourbaix
diagrams. Cumulative removal efficiencies of oved0% are due to the metal
contaminants already present before the intentiooatamination. Al, Ca, Fe, K, Ti,Cr,
Co, Ni can be removed efficiently from the Ge scefasing HF, HCI and HBr.
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Figure 4. Cumulative metal removal efficienciegaojCu, W, Ti, (b)Cr, Co and Ni in HF(49%), HCI(3§%
and HBr(48%) aqueous solutions.
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Therefore by looking at results for optimizing fhjnimal etch rate (2) minimal
surface roughness (3) minimal native oxide (4) mali organic contamination and (5)
maximum metal removal rate one can propose thevintlg integrated process:

(1) UV-O5 treatment & minimal exposure to environment (miizien organic
contamination).

(2) DI-Os treatment (minimize surface roughness).

(3) Cyclic concentrated HCI & HBr treatment (mefahative oxide removal).

(4) HBr Passivation (passivation).

(5) Heat treatment (de-passivation of Br passivati@rganic removal).

Drying of Porous Low-k

As schematically shown in Figure 5, the processasfsport in porous low-film
is assumed to consist of several simultaneous.st8pk/ing the governing equations for
transport of moisture in pores and bulk matrix glomith the overall mass balance
equation, will allow determining various physicahrameters such as solubility and
diffusivity of moisture in pores and bulk matrix.

Gas flow
.
Diffusion Desorptio
7= fr0r€1J n from
Figure 5. Moisture Transport Pathways in a % o O (\8 0 u
porous low-k film - &
Transp G Exchange
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Figure 6 shows the percentage of moisture removedgl isothermal desorption

at 388C for 153 ppm moisture challenge concentrationatibthree p-MSQ A, B and C
films. Figure 7 shows typical experimental restdisinteraction of moisture with Black
Diamond Il as-received and processed films wittakig of 2.3.
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It is observed from the figure that the moistur¢eiaction behavior for the
processed film is different than the as-receivéih,fisuggesting that the properties of
processed film have been significantly altered.e Eiiching and ashing processes may
significantly change physical properties of lowiknf such as diffusivity, porosity, and
moisture solubility.
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Figure 7. Comparison of temporal profile
of sorption (challenge 181 ppb moisture),
followed by isothermal desorption for
as-received and processed Black Diamond
Il films.
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Figure 8 also indicates a delay in response. deiay is much greater than the
residence time of the reactor and therefore nottdueactor break through. The delay is

caused by rapid and complete removal of moistwe fthe challenge gas early in the
process while the dielectric surfaces are totatjyaihd fast sorbing.

Curve 1,2 and 3 comespond to the left Y-axis, curve 4 and 5
comespond to the right Y-axis.

6 6

.

Figure 8. Temporal profile of moisture absorption
in capped and uncapped films. Challenge
Concentration = 1500 ppm; temperature=25°C.
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ESH Impact:

The Cu and Ge cleaning research will lead to thesldpment of FEOL and
BEOL cleaning formulations with reduced amount t#aaing solutions and organic
solvents. The low-k cleaning and drying resultf aave significant impact on reducing
the purge-gas use and the thermal energy needédyiog and outgassing of thin films.

Next-Year Plan:
» Investigate the effect of contamination on eleelrfroperties of Ge
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Investigate the effect of organic and metal contetmons on Ge MOS

capacitor characteristics

Model the Ge passivation/re-oxidation; confirm witlethods such as ab-initio
modeling.

Determine the applicability of the EIS technique ¢waluate cleaning

performance of these formulations in patterneds#sictures with high aspect
ratio features

Use sensor developed by Shadman’s group to foliesing of structures after
cleaning

Experimentally study the effect of different cagpimaterials on outgassing
dynamics.

Study the effect of porosity, pore size distribatiand thickness on moisture
intrusion and uptake of porous low-k drying; extaht study to investigate
behavior of impurities other than moisture.

Develop FTIR-based methodology to study dynamicsuifjassing of low-k

films.
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Low-Water and Low-Enerqy Rinsing and Drying of Patterned Wafers and
Nano-Structures

Personnel:

Pls.
* Farhang Shadman, Chemical and Environmental EngingedJA
* Bert Vermeire, Electrical and Computer Engineerih§J

Graduate Students
* Jun Yan, Chemical and Environmental Engineering, UA
» Kedar Dhane, Chemical and Environmental Engineeti#g

Objectives:
The primary objective of this work is to determimays in which DI water usage in rinse

processes can be reduced without sacrificing overaler cleanliness. In order to meet that
objective, a study of the fundamental mechanismslved in contaminant removal during rinse
is being undertaken. The goals of this study are:

* Investigate the fundamental mechanisms governirng mbmoval of chemical
contaminants from the surface of both smooth anigweed wafers.

* Conduct experiments, which measure the temporal spadial variations of the
contaminant concentrations in the water near thiemsurface as the rinse process
proceeds.

e Conduct experiments, which measure the temporahatiams of the contaminant
concentrations within a trench as the rinse propesseeds.

* Using the in-situ trench device as a prototype ettgy robust industrial device that
could become a benchmark for standard rinse evahgat

Background:
Increasing environmental and economic concerns bameght attention to the need for

efficient and effective rinse processes to cleasidue from wafer surfaces. In particular,
optimized rinsing processes can yield better depiedormance, reduced water consumption,
shorter cycle times, higher tool utilization, anidgher throughputs, which can lead to reduced
cost of ownership [Helms (1994), Rosato et al. 8§98 empka et al. (1994), Hall et al., (1995),
Tonti (1995), Chiarello et al. (1997,2000)]. Co$toavnership models indicates that the relative
cost of DI water will nearly triple compared to etlcost. Unfortunately, process optimization is
limited by the lack of suitable diagnostic techraguto non-intrusively monitor the chemical
carryover removal during wafer rinse.

There is a desire for reliable methods to meastee temporal variation of the
concentration of acid in high purity water in theinity of the silicon wafer surface. Two
approaches are taken: an ion-selective probe, gasedessfully to study various biological
systems (Kuhtreiber and Jaffe, 1987; Schiefelbem,€1992; Marcus and Shipley, 1994) with a
spatial resolution of 2 to 5 microns; and secondmathod for measuring contaminant
concentration in the water trapped within the stiecof a patterned wafer.

On rinsing of high aspect ratio surface featurehsas trenches and vias, relatively little
published work exists. Most of the limited previousrk focuses on the dominating effect of
diffusion over fluid velocity (Nakao et al., 1990)nder normal post-HF rinse conditions the
bottom of a typical DRAM trench (4 x 0.5 x Qn) decreases in concentration by seven orders
of magnitude in roughly 10 seconds. Recent modading experimental work on post-piranha
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rinse (Aoki et al. 1999) found much longer ringads, >1000 sec, due to the strong adsorption of
SOx species on the SiGidewalls. All previous experimental techniquebete upon ex-situ
measurements (Nakao et al. 1990, Aoki et al. 19B8is project incorporates in-situ, real-time
measurements.

Method of Approach:

A novel Electrochemical Residue Sensor (ECRS) sigthed, fabricated, and utilized to
monitor the process of cleaning and rinsing ingrattd wafers and well-characterized micro- and
nano-structures. ECRS is capable of sensing #anlthess of the small structures by monitoring
the changes in the impedance of the fluid betweean tlectrodes embedded in the
microstructure. The unique features of this seirsglude:

— Sensitivity of about 5 ppb (measured for sulfate eontamination in water) during
rinse; this cannot be achieved with conventionaltrohegy methods, such as
conductivity probes, used in rinse tanks

— Fast response time needed for rinse that is typiadtighly transient process

— Real-time, and in-situ capability; currently no etimetrology method is available to
provide this for cleaning and rinsing tools.

Last year's work focused on a new ECRS designrgroving the signal to noise ratio
as well as methods for packaging and integratioth@fsensor into a full wafer that can be used
in conventional rinse tanks. To replicate indadtrinse conditions, a full flow experimental
setup was designed. Tests were also conductecdasdale Semiconductor Inc as a part of joint
effort with the Freescale team of co-investigatois part of the work also focused on fabricating
a version of the sensor, which is compatible wite themical environment actually present in
processing patterned wafers. In addition to riggrperiments for various chemicals, a process
model was developed to interpret the experimeetllts for better understanding of the cleaning
mechanisms and revealing the bottlenecks of rinse.

Highlights of Results and Accomplishments:

A version of the ECRS was fabricated on a monitprimafer and exposed to the
chemicals environment present during the cleanind @nsing processes. This allowed
monitoring the actual concentration in the sensamah representing the features of a patterned
wafer. The results show that the concentratiothéntrench is quite different from that read by
the resistivity probe which is typically located tae outlet of the tank. Figure 1 shows the
difference in reading of a resistivity probe andttbf the ECRS for a single wafer application.
ECRS also shows that there is a delay for chemioatsove out from the wafer gap in the case of
multi-wafer cassette rinse. This is due the lamflav between the wafers, leading to a lack of
adequate mixing. The results clearly indicate thghg resistivity probe to monitor the rinse is
ineffective and unreliable.

As shown in Figure 2, the ECRS monitoring restdigealed the significant difference in
the rinse dynamics among various chemicals. Thicates significant differences in the
fundamental chemistry of transport processes anthoonants interactions with the fluid and the
walls of the small structures. For example, thaulte show that the cleaning of HCI is much
faster than that of ¥$0, and NHOH. Results also show the ECRS measuring thetedfie
wafer spacing on the surface cleanup during ringgtii and in real time. A wafer exposed to the
full turbulence of the rinse tank, such as the wafahe front of a carrier, is more rapidly rinsed
than one where water flow is forced into a narrqguacing. The ECRS shows a dramatic
difference in readingn the two wafers, while the standard resistivitylye in the tanlkonly gives
a single average weighted measurement. ClearlfE@RS is more useful in developing rinse
recipes.

76



Figure 1. Comparison of resistivity
probe reading vs the Electrochemical
Residue Sensor reading.
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Figure 2: Response of the Electrochemical Residuns@& to various chemicals.

rinse.

motion.

A comprehensive model was developed to determire ftimdamentals of rinsing
procedure for the purpose of data analysis andegsoparametric studies. The model consists of
equations describing diffusion and migration forthke ionic species present during a typical
In addition to the transport in the fluilage, residual surface contaminants undergo
adsorption and desorption. Moreover, the ionic Egsem a high aspect ratio feature experience
electrostatic interaction with the surface. At lamic strength, the potential resulting from the
surface charge penetrates a few tenths of a mintorthe liquid and significantly impacts the ion

In narrow pores, this can impact the rigstime.
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Poisson equation and included in the model. Lastiycentration is related to the impedance
measured by the ECRS, following Ohm'’s law. Follogvis a list of the key model equations:
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Figure 3 shows typical model prediction and agregmeégth the experimental results.
Using the parameters obtained by the process diimigparametric studies were conducted.
Sample results are shown in Figure 4, which shdwesstgnificant effect of feature size on the
cleaning time. This indicated the potential chades in cleaning and the increase in resource
utilization as we move form micro to nano-scalecessing. The cleaning time is also strongly
dependent on the charge of the species. This rgie why NHOH is difficult to rinse.
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Long-Term Plan:

Application of sensor to cleaning and drying preessinvolving other fluids such as
supercritical carbon dioxide.

Application of this sensor to monitor the rinsimgdacleaning of porous layers such
as porous low-k films.

Develop efficient low-water rinse processes by wppl this sensor to monitor the
kinetics of rinse under realistic operating corudit.

Relate bulk resistivity to the sensor measuremestag rinse models developed
earlier in this project to fully describe the rinm®cess.

Determine if desorption is dependent on the eleéigld and model this effect
Develop robust measurement technology for rapatufe scale analysis of important
wafer surface properties.

Industrial Interaction:

The Fab tests were performed at Freescale. The édfort and contributions by
Tom Roche, Hsi-An Kwong, Jack Shively, and Marigham (Freescale team) and
efforts of Doug Goodman (Environmental Metrologyrcare acknowledged.
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Notation:

VVVVVVY VVVVVVYVVYYVY

Ci- Concentration of H OH, NH," and SO# [ mole/nT]

Di- Diffusion coefficient of H, OH, NH," and SO%[ m?/sec]

z- valence of ion of interest

Mi-Mobility of ion

F- Faraday’s constant

¢- Potential [Volt]

Cs> Concentration of Ni or SO# on the boundary of the trench [molé]m
k. Adsorption constant of NH or SO# on the boundary of the
trench[ni/mole/sec]

C,- Concentration of Ni or SO# near the boundary.[ molefin

Sy~ Maximum number of active sites available for $ifiole/ nf]

k- Desorption constant of Nffor SO4 on the boundary of the trench[1/sec]
€ - Permitivity of space

o - Electrical conductivity[S/m]

V- Applied voltage[Volt]

J- Current density
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Reductive Dehalogenation of Perfluoroalkyl Surfactantsin Semiconductor
Effluents
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Objectives:
The main objective of this research is to inveseéghe feasibility of reductive

dehalogenation of perfluorooctane sulfonate (PFQOS)d related long chain
perfluoroalkyl surfactants (PFAS) using two differepproaches, chemical biomimetic
treatment and anaerobic microbial degradation. @hkgradation of perfluoroalkyl
sulfonates by microbial- and chemical-catalyzediotisle dehalogenation processes will
be evaluated and optimized, and the kinetics ofpmamd degradation will be quantified.

Background:
PFOS and other PFAS are critical components inrgetyaof IC manufacture

process steps, including photolithography, wet etod wafer cleaning. Perfluorinated
surfactants are under increased scrutiny as gltpatonmental pollutants due to recent
reports of their detection in human blood and indlie tissues collected worldwide,
including biota from pristine areas (5). The ubigwf these fluoro surfactants has been
attributed to their wide use, persistence and biglaccumulation potential. In response
to these concerns, regulatory agencies in numenowstrialized countries have initiated
studies to quantify the use of perfluorinated cloaisi assess their potential risks, and
consider regulations restricting or banning thee.u
There is an urgent need for feasible methods toovemPFOS/PFAS from

semiconductor effluents in order to minimize enmirtental release of these emerging
pollutants. Although more environmentally benidremistries are under development,
commercial alternatives to PFOS for critical phibhaigraphy uses are still lacking.
PFOS is poorly removed by conventional biologicedatment methods applied in
publicly-owned water treatment works (POTWSs). Rtgyschemical treatment methods
such as advanced oxidation processes and ion exelaaa ineffective due to the highly
stable nature of the carbon—fluoride bonds andttieophobic—oleophobic properties of
the alkyl tail in fluorosurfactants. Work condutttat our laboratory has shown that the
affinity of PFOS for granular activated carbon @pto moderate when compared to that
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of chemical compounds traditionally consideredwatable for activated carbon treatment
(13). Recent studies indicate that considerableimel reduction of PFOS-containing
waters can be achieved by reverse osmosis, bupribeess is costly and generates
concentrated brines that require disposal (14).

Reductive dehalogenation is a well-known microloetlalysed process occurring
with a wide variety of chlorinated compounds (4grt@in microorganisms can rapidly
utilize the organohalogens as electron acceptoas ianergy yielding reaction known as
halorespiration. Bioreactor technology with halpreag biofilms can convert
perchlorinated solvents such as perchloroethyléregh volumetric rates. Cometabolic
reductive dehalogenation is also known to occur tludhe chemical reactivity of
common occurring organo-metallic enzyme cofactaes@nt in anaerobes. One such
cofactor, vitamin B, (cobalamin) is known to directly catalyze reduettlehalogenation
reactions when supplied with an appropriate reduegent such as Ti(lll)-citrate (8).
Vitamin B, is also a component of all known reductive dehath@ges. The direct
catalysis of dehalogenation by enzyme cofactoksigsvn asbiomimetic dehalogenation
because it mimics reactions expected in microosyasi

Although microbial degradation of various organofines compounds is well
documented (12), reductive defluorination has reit lyeen considered. Two previous
studies have demonstrated defluorination of simghi®rofluorocarbons with vitamin
B1/Ti(lll) (8) or in anaerobic groundwater (10). Rateesearch conducted in our lab has
unequivocally demonstrated that vitamini/Bi(lll) can catalyze the reductive
defluorination of PFOS. Fig. 1 illustrates the pyepd mechanism of biomimetic
reductive dehalogenation of PFOS with vitamia BTi(lll).

Method of Approach:

This research investigates the feasibility of reisec dehalogenation for the
degradation of PFOS and related long chain peifiated compounds. Two different
approaches are considered, chemical biomimetidniesg and anaerobic microbial
degradation. The aim is to attain complete degradatf PFOS through sequential steps
of reductive defluorination followed by biologicalxidation. Partially hydrogenated
PFOS derivatives, comparable to degradation preductxpected from reductive
defluorination are known to be susceptible to bgpddation by aerobic bacteria (7).
Cooxidation of halogenated solvents by monooxygereaaszymes is well documented
(4). Ammonia monooxygenase is an enzyme that ogatrgally in most POTWSs due to
the occurrence of nitrification. Therefore, our bilpesis is that a reductive defluorination
pre-treatment followed by conventional biologicagédatment will result in extensive
biodegradation of PFOS to safe end products.

Anaerobic microbial degradationf PFOS and selected fluorinated compounds
(e.g. perfluorobutane-sulfonate derivatives) thratuander development to replace PFOS
will be evaluated in shaken batch bioassays intedlaith sediments or sludge samples
previously exposed to perfluorinated compounds. fifieroorganisms responsible for
defluorination will require primary electron-donagi substrates for the reduction. In the
laboratory study, compounds such as lactate ornethwaill serve this purpose. In
practice, these substrates will most likely be othiganic co-contaminants present in
semiconductor effluents. Control assays (e.g. abictatments) will be run in parallel to
account for the loss of PFOS by mechanisms otlagr thductive dehalogenation.
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The susceptibility of PFOS and other PFAShemical reductive dehalogenation
with vitamin B/Ti(lll) will be examined in laboratory assays. Tingpact of vitamin B,
and Ti(lll) dosage, pH and temperature will be ased to determine the optimal
treatment conditions. Immobilization of vitaminBon solid supports (e.g. activated
carbon) will be investigated to facilitate contimsotreatment. Assessment of reductive
dehalogenation will rely on the monitoring of flude release and the removal of PFOS.
Analysis and identification of PFOS degradationducis will be attempted.

Biotransformationof the products formed by reductive dehalogenatibRFOS
by microorganisms in aerobic activated sl@dwill be investigated. Co-oxidation may
be a requirement for aerobic oxidation, in whichsecaco-oxidation by ammonia
monooxygenase-producing nitrifying bacteria (ocagrrin activated sludge plants) will
be examined. Simple, partly defluorinated compoumdl be utilized to test the
hypothesis that dehalogenated products of PFOSsaseeptible to cooxidation by
nitrifying cultures. Inocula will be obtained fromarious wastewater treatment plants
receiving perfluorinated contaminants.

In the final phase of this researaantinuous flow studiewill be conducted to
assess the impact of the integrated reductive dglahtion-biological process on the
removal of PFOS and PFOS degradation products.oiv-through laboratory-scale
system combining a reductive dehalogenation stdjmwed by biological aerobic
treatment will be operated with a synthetic influemontaining PFOS to study the
effectiveness of the system. The final phase & shiidy will evaluate the effectiveness
of the proposed sequential process for treating J2E@htaining wastewaters from an
industrial semiconductor facility.

OX|d|zed Cobal I OX|d|zed
form obalamin form
Ti(1V)
Pollutant Mediator Electron donor
Reduced Cobalamm i Reduced
form form
CgF16HSOsH Ti(III)-citrate

Fig. 1. Proposed mechanism of biomimetic reductive dejemdation of PFOS with
vitamin B, / Ti(lll).

Highlights of Results and Accomplishments:

Analytical Methods Techniques set up during the initial phase of gtigly for
the detection and quantification of PFOS, PFOS aliagion products and fluoride ions
were expanded and improved during the first yeahefproject. These methods included
quantification of perfluorinated organics B¥-NMR and analysis of fluoride release by
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ion-selective electrode. An analytical method mitlg a newly acquired suppressed
conductivity ion chromatography system was developa the routine analysis of

perfluorinated acids and sulfonates. Compound arslis performed using an ion

chromatograph fitted with an Acclaim Polar Advamdg C18 column (Dionex), and a

suppressed conductivity detector. A mixture of 2M rooric acid (pH 9.0) and 95%

acetonitrile was used as the mobile phase at dingztr gradient. As an example, a
chromatogram is shown in Figure 2. In addition, ethod utilizing the advanced liquid

chromatography tandem mass spectroscopy (HPLC/MBAdBipment available at the

Chemistry Department was developed for the idematiion of PFOS and its degradation
products. Chromatographic separation was perforamed Discoveryl HS C18 column
(Supelco). The mobile phase consisted of a busenM ammonium formate, 0.1%

formic acid, in ddH20) and acetonitrile at a seéér gradient.

Solid phase extraction (SPE) procedures were alfsopsto facilitate the analysis
of perfluorinated compounds present in solid mafi®r agueous samples at low
concentrations (< 0.5 mg/l). Sample clean up anmitewotration was performed using
SPE cartridges (3 ml, 500 mg ODS-C18, Agilent Tedbgies, DE).

aleria} [modified by xiumin, il All

11.0+

Fig. 2. HPLC-suppressed
conductivity ion chromatograph of a
solution containing PFBS (1),
PFOA (2) and PFOS (3).

Microbial Toxicity. The inhibitory effects of PFOS, TH-PFOSH1H,2H,2H-
perfluorooctane sulfonic acid, a partially defliatied surfactant closely related to
PFOS), perfluorobutane sulfonate (PFBS) and tetfaysheammonium hydroxide
(TMAH) towards methanogenic microorganisms in aober wastewater treatment
sludge were tested at concentrations ranging fraim 50 mg/l as described elsewhere
(6). The highest concentration tested is closthéosolubility limit for PFOS. Assays
utilized either acetate or,Has substrate. PFOS lead to only a minor decreasbei
methanogenic activity (20% compared to the contmwbhen present at very high
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concentrations (500 mg/l). None of the other conmpisutested were found to cause
significant microbial inhibition in these assays.

Anaerobic Biodegradatian Microbial reductive dehalogenatioaxperiments
were set up to determine the ability of six diffgrenicrobial inocula to degrade PFOS
and PFBS. Bioassays were initiated with six diffién@icrobial consortia obtained from
various municipal and industrial treatment workscluding biomass from various
installations receiving PFOS-containing wastewatdiise latter were obtained from
publicly-owned treatment works in Austin, TX, andrh industrial wastewater treatment
plants operated by the companies IBM and 3M, raspdg. To promote reductive
dehalogenation, hydrogen gas,(Hvas supplied as the electron donor. Fluoride
concentrations in the liquid medium were monitopediodically using an ion-selective
electrode to determine if the surfactants are e to microbial defluorination. Non-
inoculated controls were run in parallel to corriestthe possible release of fluoride by
abiotic reaction. Sludge controls (no PFOS added) killed-sludge controls (by
autoclaving) were also set up to determine backgtdiluoride concentrations and to
guantify surfactant removal by sorption to the béss) respectively. No evidence has
been obtained after 1 year that the perfluorinaimdpounds are degraded. Our assays
included wastewater treatment sludges previoughpsed to PFOS, however, liquid and
sludge retention times in wastewater treatmentesystare relatively short. Future
efforts will attempt to obtain anaerobic sedimetitat have been exposed to high
concentrations PFOS for long periods of time (Years

Biomimetic Dehalogenation Recent research conducted in our lab has
unequivocally demonstrated that vitamin, 8260 uM) and Ti(lll)-citrate (36 mM) at
ambient conditions (30°C, pH 7) can catalyze thducéve defluorination of PFOS.
Reduction of PFOS was confirmed by measuremenhefrélease of fluoride (Fig. 3),
which accounted for 17.6% of the initial fluorinentent after 7 days. No significant
reduction of PFOS was observed in the absencetlodrevitamin B, or Ti(lll) citrate,
nor in controls in which vitamin B was replaced with cobalt (II) or in controls with
Ti(IV)- in lieu of Ti(lll)-citrate. Monitoring of HFOS degradation by suppressed
conductivity ion chromatography revealed that PF@®mers differed in their
susceptibility to reductive degradation by vitanBa/Ti(lll) citrate. Chromatographic
peaks corresponding to branched PFOS isomers @iaegp whereas the peak
corresponding to linear PFOS was stable.

Technical PFOS is a mixture of linear and branc$tedctural isomers, with the
latter making 20 to 30% of the total mass (2,3p(H). **F-NMR and HPLC-MS/MS
studies revealed that the PFOS material used instudly contained 24.6% branched
isomers, consisting chiefly of the following pedhomonomethyl and perfluoroisopropyl
isomers: 3-CER-PFOS, 4-CEPFOS (), 5-CR-PFOS, 6-CE-PFOS (1) and 1-CE-PFOS
(M) by LC-MS/MS. The branched isomers were separated the linear PFOS and
assessed for reductive dehalogenation by vitampraB70°C, pH 9.0. The susceptibility
of the branched PFOS isomers to attack by vitampwBs confirmed by fluoride release
measurements (70.6% initial fluorine released afiedays) as well as suppressed
conductivity ion chromatography, HPLC-MS/MS aht¥-NMR studies. The HPLC-
MS/MS chromatograms indicate complete removal efifomers, 3-, 4-, 5- and 6-&F
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PFOS, after 5 days, while traces of 1sEH#OS were still present. Isomer degradation
was confirmed by the nearly complete disappearandbe signal corresponding to the
branched Cggroup and other organic fluorine signatures chiaratic of the branched
PFOS structures in®F-NMR spectra. Defluorination was also observedamibient
conditions (30°C, pH 7.0) albeit at lower rates.

Extensive work has been dedicated to the identifinaof the products formed by
reductive dehalogenation of PFOS. Degradation misdeould not be detected in the gas
phase using GC/MS. Likewise, HPLC-MS/MS (electragpionization, negative and
positive mode) and direct injection MS/MS analyséve failed to confirm the presence
of PFOS derivatives in the liquid phase. Currefores are directed at the analysis of
relatively polar compounds not detected by the iptessmethods in the liquid phase and
at the fractionation and analysis of insolublefolal materials present in the reaction
mixture.

The enhanced susceptibility of branched PFOS iserttereductive dehalogenation
may be related to the stabilizing effect of brarmtls&ructures on radical intermediates
resulting from the reductive attack. The reactioachanism of vitamin B-catalyzed
reductive dechlorination is poorly understood. Thest commonly accepted models
hypothesize that attack involves radical intermiedigl).

14

Fig 3. Biomimetic reductive dehalogenation 12
of branched PFOS isomes with vitamin B12
(260 pM) and Ti(lll) citrate (36 mM) in
control samples (PFOS + Ti(lll) citrate) and
treatment samples (PFOS + Ti(lll) citrate +
Vitamin Bj). Samples were incubated at
70°C and pH 9.0. Time course of fluoride
release in control samples) and treatment
samples €). Error bars (shown if larger that > |
the symbols) represent standard deviations of

=
o

Fluoride (mg/l)

triplicate assays. 0

Time (days)

To our knowledge this is the first report iof vitro reductive dehalogenation of
PFOS catalyzed by a biomolecule. These results hangortant implications for
biodegradation since partially defluorinated PFO&rivédtives, comparable to the
products expected from reductive defluorination &mown to be susceptible to
biodegradation by aerobic bacteria (7). The findiatso suggest that microbial reductive
defluorination of PFOS might be possible. Furtheendhe observation that branched
PFOS isomers are more susceptible to attack tmearliPFOS provide clues for the
design of perfluorinated chemicals more prone gralation in the environment.

Industrial Interactions and Technology Transfer:
* Tim Yeakley Texas Instruments; E-mail: t-yeakley@ti.com
* Walter Worth, Sematech, E-mail: Walter.Worth@setaimg
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ESH Impact:
This research proposes the development of an abatewption to reduce

environmental releases of PFOS and related penflated compounds. There is a great
need for feasible methods for the treatment of PIEASpounds in wastewaters from
semiconductor manufacturing, particularly in thghti of the critical importance of these
components in photolithography and other semicotodwperations, the current lack of
feasible alternatives, the important limitationseafsting treatment technologies, and the
increasing concern of regulatory agencies aboutettdogical and public health risks
associated with these perfluorinated compoundsdeaee that PFOS is biodegradable in
the environment can be used in compound risk asssgs

The applicability of the approach proposed irs ttésearch is not limited to the
treatment of PFOS. A wide variety of perfluoroalkydhemicals, including
perfluorobutane sulfonate (PFBS), can be targeediictive dehalogenation processes.
PFBS is currently being considered as an alteraaiv PFOS for a wide variety of
applications.

L-PFOS
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Fig. 4. Chemical structures of linera PFOS (L-PFQ%jerfluoroisopropyl (6-CEPFOS), 5- JS),
perfluoromethyl (5-Cg-PFOS),4- perfluoromethyl (4-GHPFOS), 3-perfluoromethyl (3-GFPFOS), 2- :thyl
perfluoromethyl (2-CE-PFOS), 1-perfluoromethyl (1-GFPFOS), tert-perfluorobutyl-PFOS and of thgg+-
geminal substituted diperfluoromethyl-PFOS isonm{&aurce: Langlois and Oehme, 2006 [9]).

Publications:
* Ochoa, V. L. 2006. Removal of perfluorooctane sude (PFOS) by sorption
onto activated carbon and onto wastewater treatrsieiige. August 2006.
MS report. Environmental Engineering MS report. \ignsity of Arizona.
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Conference Presentations:

Sierra-Alvarez R, Farrell J. 2006. Treatment of BFM semiconductor
effluents. Annual Meeting NSF/SRC Engineering RedeaCenter for
Environmentally Benign Semiconductor Manufacturikgb 23-24, Tucson,
AZ. [Invited presentation].

Ochoa V, Sierra-Alvarez, R. 2006. Processes foré¢neoval of PFOS from
semiconductor effluents. Teleseminars of the SR@irteering Research
Center for Environmentally Benign Semiconductor Miacturing. November
2, 2006. [Oral presentation].

Disclosures and Patents:

Biomimetic degradation of perfluorinated and higfilyorinated organic
compounds.
R. Sierra-Alvarez.

Next-Year Plan:

Complete the optimization of the biomimetic reduetidehalogenation of
PFOS and related perfluorinated compounds.

Identification of degradation products from the rhbimetic reductive
dehalogenation of PFOS.

Evaluation of the susceptibility of PFOS and redgperfluoroalkyl surfactants
to microbial reductive dehalogenation using inoaukburces exposed.

Assessment of the susceptibility of partially delgainated perfluoroalkyl-
sulfonate compounds to biodegradation by aerobicroarganisms in
municipal wastewater treatment systems, includmgxidation by ammonia
monooxygenase-producing nitrifying bacteria (ocagrin activated sludge
plants).
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Destruction of Perfluoroalkyl Surfactantsin Semiconductor Process
Waters using Boron Doped Diamond Film Electrodes

Personnel:

Pls:
» James Farrell, Chemical and Environmental EngingetlA
* Reyes Sierra, Chemical and Environmental Engingeliv\
» Srini Raghavan, Materials Science & Engineering, UA

Other Research Personnel:
* Fiona L Jordan, Chemical and Environmental EngingetJA

Graduate Students:
* Kim Carter, Chemical and Environmental Engineeridég,
* Valeria Ochoa, Chemical and Environmental EngimeggiUA

Undergraduate Students:
* Beshoy Latif, Chemical and Environmental EnginegridA

Objectives:
The objectives of this research are to: 1) deteemihe feasibility of

electrochemical destruction of perfluorooctyl sakite (PFOS) and related perfluoroalkyl
surfactants (PFAS) using boron doped diamond (BfilD) electrodes; 2) determine the
degree of electrolysis required to generate pradticht are readily biodegraded in
municipal wastewater treatment plants; and 3) agvedn adsorptive method using
hydrophobic zeolites and/or anion exchange resingdncentrating PFAS compounds
from dilute aqueous solutions.

Background:
PFOS and other perfluorinated alkyl surfactantsA@Fare widely used in

semiconductor manufacturing. Recent studies hatected PFOS in human blood and
wildlife tissue samples collected from around thebg. Regulatory agencies in the
United States and Europe have initiated studiepiemtify the use of PFAS, assess their
potential risks, and consider regulations banninggstricting their use.

Much of the PFOS used in semiconductor fabricaisodisposed of in solvent-
based wastes by incineration. However, there isffextive treatment for the removal of
PFOS or any other PFAS compounds from wastewatesras. Adsorption on activated
carbon is believed to be ineffective, while memleranethods and ion exchange are
expensive and merely concentrate the aqueous caordpomhich then require disposal.
Destructive treatment via advanced oxidation preege$AOPS) using UV light with T¥©O
photocatalysts or peroxide, or ozone/peroxide systeare ineffective for PFAS
oxidation. The carbon-fluorine bonds in fluorirgterganics are very stable and have
slow reaction rates with the hydroxyl radicals (HProduced in conventional AOPs.
Additionally, perfluorinated surfactants are nobdegradable in municipal wastewater
treatment plants. This research will investigateekectrochemical treatment method for
removing PFOS from dilute aqueous streams.
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Method of Approach:

The first task of the research will determine tipdéimoal conditions for oxidative
and reductive destruction of PFOS and related PE#&8pounds€.g, perfluorobutane
sulfonate derivatives) in semiconductor wastewatdisis task will involve determining
the effect of electrode potential, solution pH \eglueactant concentration, temperature,
and electrolysis time on the reaction rates andaion and reduction products for the
target compounds at BDD anodes and cathodes. dinent efficiency, defined as the
fraction of the cell current going towards electsid of the target compound and its
daughter products, will be determined for all opagaconditions. This will enable the
cost-effectiveness of the process to be evaluatdthese studies will be performed in
both parallel plate, flow-through reactors and mtch reactors using a rotating disk
electrode (RDE). Comparisons between the RDE #&ni-through experiments will
allow identification of any mass transfer limitatgin the flow cells.

The second task of the research will determinentiost effective method for
concentrating the PFAS compounds from dilute agsisolutions. Adsorption isotherms
for PFAS compounds on several anion exchange rasitidydrophobic zeolites will be
determined as a function of the solution pH valua aonic strength. Column
breakthrough experiments will also be performed digtermine the mass transfer
characteristics for the best performing adsorbenti®n exchange resins. Regeneration
of the adsorbents or anion exchange resins byruweatill also be investigated. The
equilibrium and kinetics of target compound releftsen the adsorbents/ion exchange
resins will be determined as a function of tempeeat

The third task of the research will characteribe fate of the incomplete
destruction products from electrochemical treatmént conventional aerobic and
anaerobic wastewater treatment systems. Biotremstmn of electrolysis products by
cometabolism and their utilization as sole carbonrse will be evaluated in batch
laboratory experiments designed to simulate typicaiditions in municipal wastewater
treatment plants.

The fourth task will be to build the 4-step profmytreatment system shown in
Figure 1 and test it on real PFAS containing waatevg generated during semiconductor
manufacturing

) 3. electrolysis with
1. online adsorption 2. off-line thermal recirculation

concentration desorption

< ancde cambe > 4. disposal to sewer
3 : Adsorbent bed
%: Adsorbent bed .':"9 cathode chamb system
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Figure 1. Schematic diagram of proposed treatment scheme.

Highlights of Results and Accomplishments:

Electrolysis experiments were performed in botlvflbrough and batch reactors.
The flow-through reactor had an anode surface af&5 cnf and a bed volume of 15
mL, yielding a surface area to solution volumeaati 1.67 crymL. The batch reactor
had an anode surface area of  emd a solution volume of 600 mL, yielding a suefac
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area to solution volume ratio of 2.86 x 16nf/mL. Reaction rates in the flow-through
reactor are representative of those attainable@alawater treatment unit operation.

Electrolysis experiments using the flow through Bidactor indicate that PFOS
can be rapidly removed from water. Figure 2 shtvesPFOS and total organic carbon
(TOC) concentrations as a function of treatmenetirReaction rates for PFOS and TOC
were first order with respect to concentration,hwat treatment half-life of less than 10
minutes. The near identical declines in PFOS afC Tconcentrations in Figure 2
indicate that PFOS oxidation at a current denditi5omA/cnt does not produce reaction
products that build-up in the solution. Howevendoaver current densities, TOC removal
rates were slower than those for PFOS. Figurengpapes PFOS and TOC removal in a
batch reactor and shows that the removal halffliie TOC removal of 16 hours is
approximately twice the 8 minute removal half-fiee PFOS.
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The reaction products for PFOS oxidation were deteed by liquid
chromatography/tandem mass spectrometry. Additignan chromatography was used
to monitor the buildup of fluoride and sulfate iomsthe solutions. The first reaction
product of PFOS oxidation is perfluorooctanoic a@OA). The overall reaction for
PFOA formation can be expressed as:
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CgF;SOH +3H,0 - C,F,CO,H +SO; +4H" +2F +2H,
(1)

PFOA undergoes further oxidation to produce periheptanoic (PFHtA) acid by the
reaction:

C,F.CO,H+2H,0 - CF,COH+CO,+2H" +2F +H, (2)

PFHtA undergoes further oxidation to produce perfilnexanoic (PFHxA) acid by the
reaction:

C.F..COH +2 H,0 — C.F,CO,H +CO, + 2H" +2F +H, ©)

No other organic reaction products were detectédoride analyses indicated that
an average of 4.5 fluoride ions were released ped3 molecule degraded. This
indicates that TOC in the form of PFOA, PFHtA andHRA was removed from the
solution via volatilization. The fluoride mass #ate indicates that volatilization of
PFHXxA was the primary factor removing TOC from swdution.

PFOS removal rates were independent of the appbéehtial for current densities
of 5 mA/cnf or greater. Figure 4 shows that PFOS removalSatrid/cnf was slightly
slower than removal rates at 5 & 15 mAfciwhich were identical. This suggests that
the reaction mechanism involves indirect PFOS didaby hydroxyl radicals produced
from water oxidation, rather that direct oxidatiohPFOS at the electrode surface. This
conclusion is consistent with other investigatioh®rganic compound oxidation at BDD
electrodes.
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TOC removal rates were dependent on the electrotenfial and increased with
increasing current density, as shown in Figure IB. contrast to the identical PFOS
removal rates at 5 & 15 mA/dnFigure 5 shows that the shows that TOC removi#l ha
life at 15 mA/cnf was ~25% greater than that at 5 mA7cm
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Work on task 2 is ongoing. The effectiveness ofedént types of granular

activated carbon (GAC) and hydrophobic zeolitegeimove PFOS and related PFAS
from aqueous solutions was evaluated. Adsorpsotherms for PFOS, perfluorobutane

sulfonate (PFBS, a compound proposed as possifgmalive to PFOS) and PFOA on
GAC were determined in a phosphate buffer (3 mM, B at 30°C. Removal of the
perfluorinated compounds from solution was deteedify ion chromatography with
suppressed conductivity detection and/or TOC amalyShe activated carbon utilized in
the experiments was washed thoroughly with dei@hizater to minimize interferences
by soluble organic residues in the material. GAGvged a higher affinity for PFOS than
for the other two perfluoroalkyl compounds testéthe adsorptive capacity of GAC
decreased in the following order: PFOS > PFOAPFBS, as shown in Figure 6.

Performance of GAC at PFOS concentrations in tigh ppm range was moderate to
poor. However, our results indicate that GAC cobkl an attractive sorbent for the

removal of PFOS from dilute solutions (low ppm g@pmd range). Initial experiments with
various hydrophobic zeolites suggest that thedeess are inferior to activated carbon.
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Industrial Interactions and Technology Transfer:

» Walter Worth Sematech

* Tim Yeakley Texas Instruments,

e Thomas P. Diamond IBM

e Jim Jewett Intel

e Laura Mendicino Freescale Semiconductor
ESH Impact:

Proposals are presently being evaluated for barPF@S and related compounds
in both the United States and the European Unié.this time, the semiconductor
industry has secured a limited use exemption f@dd®n photoresists and antireflective
coatings. The development of effective treatmeathmds will be essential for securing
the critical use exemption status for PFAS andedlaompounds.

The immediate value of this research will be toradd the ESH concerns
associated with the use of PFOS and other flu@thatganic compounds by developing
a method to destroy these compounds in wastewdteanss generated during
semiconductor manufacturing.  Additionally, the teagater treatment technology
developed here will be useful in the future fortdestion of a wide range of hazardous
organic compounds. The development of a novelemaser treatment technology that
can completely destroy a wide range of compoundioardegrade them into products
amenable to municipal wastewater treatment systgitheliminate many of the ESH
concerns associated with the development of newggrsotechnologies.

Next-Year Plan:

* During the next year electrolysis experiments Wwél performed on other PFAS
compounds, such as PFBS. Also, the effects of pkthe rates and products of
PFAS oxidation will be determined.

* Work on activated carbon will be continued and expents will be performed
to determine the best zeolite or ion exchange resiwhich to concentrate the
PFAS compounds before electrolysis.

» The fate of products from electrochemical treatnmd®FOS will be evaluated
in assays simulating biological wastewater treatm&ystems. Degradation
products generated under different treatment cmmdit@.g. current density,
electrolysis time, pH) will be assessed. Experirmemil also be performed to
evaluate the susceptibility of perfluorohexanoicidagdPFHxA) acid to
biodegradation under aerobic and anaerobic comditio
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ESH Assessments of Materials, Structures and Processes for Nanoscale
MOSFETs with High-Mobility Channels

Personnel:
Pls:

» Krishna C. Saraswat, Electrical Engineering, Stecthfaniversity
» Paul C. McIntyre, Materials Science and Engineer8tgnford University

Graduate Students:
* Eunji Kim, Materials Science and Engineering, StatifUniversity

Objectives:
This research is aimed at assessing the ESH impaéisure front materials and

processes, with particular focus on achieving ah4ggality interface between IlI-V
compound semiconductors and high-k dielectrics. aive oxide-free semiconductor
surface prior to deposition of high-k dielectrics desirable for fabrication of high-
performance llI-V-based MOSFETs. HCl-etched lll-8hsconductor surfaces, however,
tend to oxidize readily when they are exposed inTdierefore, passivation of the oxide-
free surface is essential to integrate MOS devisased on IlI-V semiconductors.
Furthermore, achieving a chemically-stable pasgimabf the IlI-V substrate surface
allows wafers to be queued during manufacturing i@adices the need for subsequent
surface cleans. __As the cleaning solutions usedfon example) GaAs or InGaAs
substrates produce a potentially toxic, As-contajreffluent, stable chemical passivation
of the surface can provide a substantial ESH benefi

Background:
As device dimensions are scaled down aggressivebrface properties between

dielectrics and channel materials become morecatlitin order to achieve stable
switching of MOS transistors. Unlike SiOan excellent passivation layer for Si, the
native oxide of GaAs and InGaAs exhibits poor pagsig properties and a large density
of defect states exists at the interface betweemétive oxide and GaAs. Therefore, it is
desirable to remove the native oxide on llI-V soes for fabrication of high-
performance MOS devices based on high-mobility oeamaterials.

Conventional methods to remove native oxide from-VII compound
semiconductors such as HCI etching, however, dgpraituce surfaces that are stable in
room air for long periods. Once the HCl-etched atefis exposed to air, it readily forms
a new native oxide layer. In order to avoid unwedngxidation of the surface, it is
required to passivate the oxide-free surface. thth to the practical benefits related to
more robust device process flows and improved mbattcharacteristics, a chemically-
passivated oxide-free 1lI-V surface has substarifi@H benefits because repeated wet
cleaning of the wafers prior to gate dielectric @gpon can be minimized. Among many
passivation techniques, S-treatment using b solution has been reported to be an
effective way to form a monolayer of S bonded tdame of GaAs (100) substrates. By
optimizing S-passivation conditions using aqueob#i4),S, we have demonstrated
WI/ALD-HfO o/p-GaAs MOS capacitors with promising capacitance kakage current
characteristics.
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Method of Approach:

Epitaxial p-type Si-doped GaAs (100) samples wetldoping concentration of
1.5<10 cm® are degreased by sonication in acetone for 5 msnuifter a short DI
water rinse, samples are dipped in diluted hydarahlacid (18%) for 3 minutes to
remove native oxide layers. (Same sets of sampéealso dipped in diluted hydrofluoric
acid (2%) for 3 minutes to compare the effectivenekthe cleaning methods.) After
another short DI water rinse, samples are dippedd# (NH;),S solution for 15 minutes
to form an S-layer to prevent the GaAs surface fioadizing. After a short DI water
rinse, the samples are dried by. N

Samples are then placed into the load-lock of th® Ahamber within a very
short time. After about 15 minutes’ for pumpingmgdes are transferred into the ALD
chamber. After another 30 minute wait for tempeeattabilization of the sample stage,
HfO, is deposited by alternating pulses ofCHvapor and Tetrakis Diethylamino
Hafnium (((CHs).N)4Hf) precursors at 15€. W gate metal is deposited by e-beam
evaporation through a shadow mask. Ti/Au is depdsfor back side wafer contact.
Chemical states of the GaAs surface with and witl$passivation were investigated by
shallow angle x-ray photoelectron spectroscopy.ectical properties of HfedGaAs
MOS capacitors were studied by C-V and I-V measerds

Highlights of Results and A Highlights of Resultd &ccomplishments:

We have investigated the electrical and physicapgrties of W/HfQ/p-GaAs
MOS capacitors with and without sulfur passivatmror to HfO, deposition and have
studied the chemical stability of the S-passivatidbhe non-treated epitaxial p-GaAs
surface shows various oxide states of GaAs sudBaS; As0s, As,05 as shown in
Figure 1. Among various surface treatments (HFietghHCIl-etching, S-passivation
followed by HF-etching, S-passivation followed b etching), S-passivation followed
by HCI-etching shows the most effective cleaningutis in terms of native oxide
removal as a function of exposure time to atmosph@essure after surface treatment
(Table 1). Overall, HCI-etching shows better penf@ance on removing native oxide of
GaAs than HF-etching, and S-passivation followednayive oxide removal process
produces more stable oxide-free surface than nesimted. S-passivation GaAs surface
followed by native oxide removal using HCI etchstgows oxide-free and Ga-S bonding
(GaS;) is observed by XPS (Figure 2). The physical theds of ALD-HfQ is estimated
to be 18.3 nm for non-treated p-GaAs and 19.8 nmSkpassivated GaAs by x-ray
reflectivity. C-V characteristics of W/ALD-Hfé)p-GaAs with and without S-passivatoin
are shown in Fig.’s 3 and 4. The S-passivated sanspbws improved electrical
properties such as a decrease in CV hysteredmw@h it is still significant), recovery of
a near-ideal flat band voltage, and complete eltnom of frequency dispersion relative
to non-treated GaAs, without sacrificing gate cépace.
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Table |. Comparison of cleaning effectiveness & stability measured by shallow angle XPS
Non-treated HF-etched HCl-etched HF-etched & | HCl-etched &
GaAs GaAs GaAs S-passivated | S-passivated
GaAS GaAs
Ga,0O4/total Ga 56% 17% 14% 11% ~0%
After surface (reference,
treatment no surface
treatment)
Ga,Ogftotal Ga 56% 25% 19% 13% 11%
After 6 hour (reference,
exposure to lab no surface
atmosphere treatment)
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Industrial Interactions and Technology Transfer:
This research involves active collaboration witke@chers at Intel Corporation:
Dr. Niti Goel and Dr. Wilman Tsai

Next-Year Plan:

We plan to improve properties of Hi{GaAs (and InGaAs) further by subsequent
post-deposition anneals under various conditiond also plan to investigata-situ
hydrogen plasma treatments to remove the S-laysoredd on GaAs surface prior to
HfO, deposition. In addition to providing a barrier tiative oxide formation during
storage of GaAs and InGaAs substrates prior to geielator deposition, it has been
reported that S may dope the surface of such d¢systehich may have negative
consequences in terms of electrical control of Md&Sices. Molecular hydrogen and
hydrogen plasma exposure in-situ, prior to ALD,|w# studied as a means of controlling
the S concentration in the surface region of thessate.

In collaboration with the Nishi and Shadman grqup® plan to perform a
systematic assessment of ESH benefits stemming &r@table chemical passivation of
llI-V surfaces in a realistic device fabricatioroll. We will also jointly investigate
possible issues associated with removal of resigasgivating agent (e.g. S) either before
or after gate dielectric deposition.
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ESH Impact:
Possible reactions of GaAs with the chemicals usdtie research are listed in

the table below.

GaAs Reactivity
air Ga03, As;03 mild
HCI GaC}, GaCl, GaClg, GaHs, AsCk, Ho, AsHs, | mild
ASC|5

As;03 + 6HCI -> 2AsC} + 3H,0O
G&0; + 6HCI -> 2Gad + 3H,0

Reactivity and health effects are listed below.

GaAs
Reactivity Stable under ordinary conditions
Conditions to avoid : water/moisture
Incompatibility : Steam, heat, acid, acid fumes
Hazardous decomposition products : Highly toxic ésmof
Arsenic
Health Effects May be irritating skin, eyes and owg membranes
HCI
Reactivity Stable under ordinary conditions

Conditions to avoid : Heat, direct sunlight
Incompatibility : strong bases, metals, metal ogjde
hydroxides, amines, carbonates, alkaline, cyangldfdes,
sulfites, formaldehyde

Hazardous decomposition products: toxic hydrogdoriie
fumes (when heated), toxic chlorine fumes and estpéo
hydrogen gas (thermal oxidative decomposition).

Health Effects Corrosive, any kind of physical @wttincluding inhalation,
ingestion, skin contact, eye contact is extremelygegrous.
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(NH4)2S

Reactivity

Stable under ordinary conditions

Conditions to avoid : Heat, flames, ignition sowce
Incompatibility : Acids

Hazardous decomposition products : toxic fumes wfus
oxides, nitrogen oxides, hydrogen sulfide, ammonhisulfite,
and ammonia (when heated to decomposition)

Health Effects

Corrosive, may cause irritation

AsCl3 May be fatal if inhaled, absorbed through the slan
swallowed.
*Alternative sulfur-passivation methods and tHe8H impact are described in the
table below.
ClyS,
Reactivity Stable under ordinary conditions

Conditions to avoid : Heat, water

Incompatibilty : Reducing agents, organics, titamiu
Hazardous decomposition products : chlorine, hyelng
disulfide, sulfur dioxide, sulfur (when heated)

Health Effects

Corrosive, can cause burns

Na,S

Reactivity

Darkens on exposure to air or light

Conditions to avoid : Heat, flames

Incompatibility : Acids, oxidants, aluminum, zincarbon,
diazonium salts

Hazardous decomposition products : Burning may ce(
sulfur oxides

Health Effects

May be fatal if swallowed, corrosieauses burns to any ar

ea

of contact
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Post-Planarization Waste Minimization

Personnel:
Pl
* Ara Philipossian: Chemical and Environmental Engiireg (UA)

Other Research Personnel:
* Yun Zhuang: Chemical and Environmental Engineefihg)
* Leonard Borucki: (Araca Incorporated)

Graduate Student:
* Ting Sun: Chemical and Environmental EngineeringU

Objectives:
The objectives are to: (1) investigate the effdcbmush physical properties on

tribological behavior during post-CMP cleaning, &8y design, construct and qualify an
incremental loading tool to investigate brush ai$pedeformation as a function of
applied load and extended use.

Background and Method of Approach:

PVA brush life and cleaning effectiveness depertdmgly on the magnitude of
the frictional forces between the wafer and brushtive to the magnitude of adhesion
forces between the particle and the wafer, as agelihe particle and the brush. Precise
guantification of the extent of frictional forcestlveen the wafer and the brush is critical
since low amounts of force will fail to remove pelds and high amounts may cause
scratching of the wafer surface.

A novel single-sided PVA brush scrubber is useddevelop fundamental
understanding of the tribology of the process. Mlyflautomated robotics assembly
capable of rotation and application of precise ami@f brush pressure is secured above
the rotating platform such that, during operatithrg only points of contact between the
robotics assembly and the rotating platform arese¢hbetween the wafer and the PVA
brush. The rotating platform is placed on top ofaael friction table comprised of two
parallel steel plates. The plates are allowed twanelative to one another in only one
direction. A highly sensitive strain gauge is mathbetween the two plates in order to
measure the lateral force (through calibration lkeetwvoltage output and shear force)
exerted by the top plate onto the bottom plate durscrubbing. For a given run,
coefficient of friction is determined by dividindné magnitude of the shear force (as
determined experimentally from the calibrated wgdtautput of the strain gauge) to the
normal force applied to the wafer (i.e. appliedmalk brush pressure multiplied by the
contact area). Both the contact area and the lpredsure are experimentally determined
using a thin-film electronic pressure sensor.

PVA brushes type A and type B with different harsl@roperties (see Table 1)
were employed in this study. Ultra pure-water mixeith oxalic acid (pH ~ 3.0) was
used as the cleaning solution at a flow rate of d2@nin. A blanket copper wafer was
used as substrate rotating at 120 RPM. Prior ta deduisition, all brushes were soaked
in DI water for 12 hours to ensure absence of chalmesidues. Angular brush velocities
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and brush pressures were 20, 40 and 60 RPM, and&3and 0.7 PSI, respectively.
After initial tribological tests at multiplpV combinations, a two-hour marathon test was
performed with the brush rotating at 60 RPM at®3. Shear force data were collected
during the entire two-hour scrubbing.

Highlights of Results and Accomplishments:

Table 1 summarizes the marathon test results. Buhe two-hour scrubbing
period, shear force (both mean and standard demjatcontact area and COF associated
with both brush types change. Changes associatéd tve harder brush are more
pronounced.

Table 1. Results Summary

Shear Force COE COF Standard | Contact Area 30 %

Brush (Iby) Deviation (in%) Compressive
Type Stress (kPa)
0 hr 2 hr 0 hr 2 hr 0 hr 2 hr 0 hr 2 hr

A 0.113 | 0.104| 0.091| o0.084 0.039 0.042 2.48 2.62 8.5

B 0.062 | 0.051 0.100] 0.076 0.054 0.061 1.p4 1.34 017.

These two brushes were selected intentionally sdoagield the same COF
regardless of their physical properties. Resultcate that the harder brush was not as
stable as its softer counterpart and that it extdba greater degree of hydrodynamic
chatter (as evidenced by the larger standard dewmian force) compared to the softer
brush.

Figure 1 shows the effect of pseudo-Sommerfeld rarnfibe. V/p) on COF for
both brush types at a combination of velocities g@messures. For Brush A, at all
pressures, COF has a power dependenc¥, amhile increasing brush pressure has no
effect on COF. A similar effect o on COF is seen for Brush B, however the power
dependence of COF oviis not uniform at different pressures. This ielikdue to the
fact that Brush B has a higher standard deviaticshear force and tends to have greater
stick-slip. In order to understand the mechanisrbrath wear, we have constructed and
in the midst of qualifying a brush deformation me&asnent tool as shown in Fig. 2. The
tool employs a capacitance probe to measure thebgapeen a reference surface in
contact with the brush sample and the probe. Thedrical nodules are cut from a PVA
brush roller using a specially designed devicensuee flat sample surface and identical
sample thicknesses. As one nodule has a smallcsudigea, multiple nodules from the
PVA brush roller are placed between the samplednaaid the optic flat. As the brush
samples are loaded, the gap between the brush esmptface and the optical flat
surface decreases due to brush deformation andistence change is measured by the
capacitance probe. After hours of scrubbing, thehaeical properties of the brush
nodules (specifically their asperities) will changéhich can be quantitatively measured
by this novel tool.
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Figure 2. Brush deformation measurement tool: ¢@) picture; (b) top view of brush
nodule sample arrangement on the sample holdessdegmatic drawing of sample,
probe and reference plane assembly
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ESH Impact:
» Extend PVA brush life by better understanding tleakng mechanism,
thereby help to reduce the use of material.

Next Year Plan:
* Develop a model to explain the power dependen€&Qft on sliding velocity.
» Wear the brush for 48 hours and perform brush dedtion measurement
before and after the wear test to understand thedanechanism of PVA
brushes during post-CMP scrubbing.
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In-Situ Slurry Thickness and Friction Measurements during Chemical
Mechanical Planarization

Personnel:

PI:
» Chris Rogers: Mechanical Engineering (Tufts Uniitgjs
* Vincent P. Manno: Mechanical Engineering (Tufts \émsity)
* Robert White: Mechanical Engineering (Tufts Univis

Graduate Students:
* Nicole Braun: Mechanical Engineering (Tufts Uniusfs
» Caprice Gray: Mechanical Engineering (Tufts Uniugjs
* Andrew Mueller: Mechanical Engineering (Tufts Unisity)
» James Vlahakis: Mechanical Engineering (Tufts Ursifg)

Objectives:
The Objective of this project is to acquire in-giata during chemical mechanical

planarization (CMP) including slurry film thicknessd flow, wafer-pad contact, wafer
scale friction, and small scale force measuremédis.goal is to correlate experimental
data to modeling predictions to gain a better ptatsinderstanding of material removal
rate (MRR) and polish quality during CMP.

Background:
A variety of techniques are used in this task. Wsualize the slurry layer

between the polishing pad and the wafer using laniqoe called Dual Emission Laser
Induced Fluorescence (DELIF). We are able to inthgeslurry layer because we have
replaced the standard wafer carrier and wafer aitloptical glass disk. A major focus of
our current work using DELIF is to develop relialsteeasurements of contact during
polishing. We have also initiated an exploratorfjoefto determine if Particle-Image-

Velocimetry (PIV) is a viable way to measure paetiasperity scale flow fields. We

utilize a force table in our data acquisition sethgt is capable of measuring integral (i.e.
wafer scale) forces and moments on 3 axes. We atkb a second exploratory
investigation to use MEMS-based sensors to measnadl scale asperity and fluid shear
stresses. The overall goal of these efforts areoteelate changes in friction and MMR

that accrue from process parameter changes to soaddl physical mechanisms.

Method of Approach
The principle experimental platform used in thisrkvas a modified Struers

RotoPol-31 table top polisher in which the waferries has been replaced by a motor-
driven shaft supported by an aluminum frame, wisctoupled to an optical glass wafer.
The polisher sits atop a 3-axis force table, wmaasures the friction force and moments
between the wafer and the platen. The force tablen top of a steel table, which
dampens external vibrations. The force table has@lution of 0.006N/bit on the x and y
axis, and 0.097 N/bit on the z-axis. The sample iaR kHz. This facility is used for both
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the DELIF-based contact and wafer-scale frictiorkwd@he MEMS shear sensor and
PIV feasibility efforts are being pursued in aranl facilities.

DELIF-based Contact Measurements Dual Emission Laser Induced
Fluorescence (DELIF) is an imaging technique thas lbeen used to attain three
dimensional maps of thin fluid films. Previous istigations of pad-wafer interactions
using DELIF include in-situ measurements of averthge layer thickness and asperity
layer compressibility, surface roughness measuresmamd polishing pad rebound into
etched wells. It is becoming increasingly cleartthiaderstanding the small scale
polishing mechanisms operating during CMP requineswledge of the nature of the
pad-wafer contact. One goal for this research isige DELIF to attain instantaneous
measurement of in-situ pad-wafer contact.

Wafer-Scale Friction Measuremenrturing the past year, we have adjusted our
general experimental process parameters and pescésde more closely aligned with
industrial practices. The most significant changes

1. Wafer rotation rates of 60 - 120 rpm, which slate to approximately 0.5 — 1

m/s.

2. Polishing down forces equivalent to pressurek oPSI (11.7 kPa) and above.

3. Standard baseline slurry dilutions of 3 partsv@ter to 2 parts slurry.

4. Exclusive use of grooved polishing pads.

In addition, refinements to our setup and proceslin@ve allowed us to generate more
consistent and reproducible data.

MEMS Shear Stress Measurement8 new exploratory effort was initiated this
year to determine the feasibility of developing MENdased shear stress sensors as in-
situ measurement devices in the table top polisfanijty. The goals of this sensor work
is to measure shear stresses typical of both pderwae. asperity force, contact and fluid
(slurry) shear forces. Both PDMS and floating sensations are to be in this effort.
Sensor fabrication will initially utilize facilitie available at MIT with the ultimate goal of
fabricating the sensors in the new microfabricafamilities at Tufts University.

P1V Feasibility— An optical system different than that used inLIFEis needed to
carry out the PIV feasibility study. In PIV, it imperative to eliminate any overlap with
the wavelengths produced by the pad’s emissiomerathan utilize it as is done in
DELIF.

Highlights of Results and Accomplishments:

DELIF-based Contact MeasuremenbMuch of the past year has been spent re-
examining DELIF and optimizing the optical setuplsithat we make accurate fluid
layer thickness measurements as well as attaiwjadel- contact measurements. We have
increased the magnification 1.6X from last year arenow have a resolution of 2.6
pm/pixel. In addition, we have added a 5-axis pos#r, depicted in Fig. 1, for the
dichroic beam splitter that splits the incominghtignto two signals going to each
camera. This 5-axis positioner provides a hardwhgament of the two images, which is
advantageous over software alignment of the twogesawith a loss of resolution and
imaging area. Both filters and the dichroic beartittsp have been replaced by higher
efficiency band pass filters and splitter from Gheo Technology Corp. The filter and
beam splitter replacements have improved fluoroplsagnal isolation.
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Well Aligned Poorly Aligned

Figure 2. A well-aligned DELIF image (left) compacea poorly aligned image (right)
of a Freudenberg FX9 polishing pad.

We have started to compare DELIF to other visuabmamethods. Figure 2
shows that when the optics are well aligned DEL#S lexcellent resolution, but if the
optics are slightly misaligned, we lose resolutibigure 3 shows an SEM and an optical
microscope image of the same type of polishing (Fa@udenberg FX9), which was
imaged in Fig. 2 using DELIF. The well-aligned DELimage shows similar features to
the SEM image and seems to resolve the pad feahattsr than optical microscopy.
SEM and optical microscopy can only give us a dqatiie feel for how well DELIF is
resolving pad features because these methods dareswve depth. In an attempt to
resolve depth into the pad, we also compared ourlBEnages to fluorescent confocal
microscopy as shown in Fig. 4. The confocal micopgcimage compares well to the
highly resolved DELIF image. However, there isl stime difficult resolving depth with
the confocal microscope. If the pad sample beinggied is not entirely level, the image
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data will show a slope from one side of the imagthe other. For instance, the right side
of Fig. 4 is brighter and in better focus than ki side, suggesting that the confocal
imaging planes were not parallel to the pad sample.

Figure 3: An SEM image (left) and an optical miaoge image (right) of a Fruedenburg
FX9 polishing pad at resolution similar to DELIF.
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Figure 4. A confocal microscope image of a Freuaegl-X 9 polishing pad a similar

Wafer-Scale Friction Measuremeni3uring the past year we have continued our

resolution to a DELIF image.

investigation of the frictional behavior of variopads and various process conditions.

Results are shown in Fig. 5.

In addition, we have generated spectral data fa& various experimental
conditions a shown in Fig. 6. The spectral datafesen direct measurements of the
normal (F) forces. The figure on the left is typical of tepectral signatures of test
conditions which yield stick-lip conditions. Noteat the reduction of the high frequency
content in the plot on the right (120 rpm) whichhigts smoother polishing and no

apparent stick-slick phenomena.
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Figure 5. Coefficient of friction data for variopsd types with down forces of 1.7 PSI
(11.7 kPa) and 2.5 PSI (17.2 kPa).
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Figure 6. Measured spectra of down force data.

A number of experiments have been performed tori@scethe relationship
between COF and slurry particle concentration. FE&guis a representative data set. Data
acquired to date indicate three regimes in this dahge — high COF with pure slurry,
moderate and stable COF at dilutions ranging frabtd 9:1 (pH controlled water :
slurry), and low COF with pure water. It shouldrmged that chatter and apparent stick-
slip conditions begin to occur in the midrange tillns around 3:2 and continue to 9:1.
The pure water case appears to be in a distinidthrent regime.

MEMS Shear Stress Measurememseliminary design and testing of the shear
sensors followed dual tracks; both post arraysridated from PDMS, and floating
element sensors were examined to determine whigfmtnliest meet the design specs.
Although both designs are possible, fabricatiothefPDMS structures can proceed more
rapidly. Hence we are currently focusing on the FP&énsors only.

CoF vs. slurry composition

0.8 S
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0.4+

0.2

™

pure 1to5 1to3 1to2 1tol 3to2 3tol 5tol 7tol 9tol pHadj
slurry H20

slurry composition

Figure 7. Coefficient of friction at different shyrdilution ratios.

112



QDE
o

O0um

Figure 8. 83 pm thick SU-8 mold for PDMS posts. $e8 blocks are circular in the
final design creating circular wells in the PDMShsers.

We have completed the modeling and design of dialifiDMS post array stress
sensor that will indicate stresses due to asperiied fluid flow. PDMS posts are
recessed in wells (their top surfaces are co-plastarthe surface of the sensor) and their
deflection indicates the shear stress presentabsipad interface. We have successfully
fabricating these sensors by using an SU-8 basd mathich to cure the PDMS sensors
(see Fig. 8). Fabrication limitations on PDMS pd&tmeters have been determined at
30um. An image of the SU-8 mold for the initial PBMensor design is shown in Fig. 9.
Sensor sensitivities are expected to be 0.1 - 1QuNmBased on rough estimates of
asperity contact forces, we expect sensor deflestimetween 0.5 and 500 um due to
interactions with individual asperities. Fluid fescare expected to be considerably lower
than those from asperities and result in expecedl@ctions of 0.1 to 3 um. These small
deflections may not be measurable with currentcgptiigher resolution optics are being
pursued.

Figure 9. SEM images of successfully fabricatedahPDMS asperity and fluid shear
sensors. Inset shows 80um diameter asperity sesesor.
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Figure 10. Image from RB dye experiment to aidDMS post deflection detection in.
Right edges of the wells are illuminated by the dye

To aid in deflection detection of the PDMS postg are experimenting with
dyeing the sensors with Rhodamine B (RB) dye. Ima@®m preliminary dye
experiments are shown in Fig. 10. The right eddekeowells are illuminated relative to
the rest of the wafer. The final goal is to have d¢ages of the wells and posts illuminate
to view relative deflections between the two. Qalilon of asperity sensors will be
conducted first using a Veeco Dektak 6M Stylus iRyofeter. Depending on the success
of these calibrations, a Dimension 3100 atomic damticroscope may also be used to
calibrate asperity sensors. Design and fabricaifche calibration chamber to determine
sensitivity to fluid flow induced stresses is ongpi

PIV Feasibility To track particles, FluoSpheres Fluorescent Midnesgs in Nile
Red by Invitrogen will be utilized. The FluoSphem® comprised of fluorescence dye
encased within a polystyrene shell. Excitationh& FluoSpheres, which is shown in Fig.
11 by the dotted green line, will be initiated wsioumex LED lightbulb arrays in Ultra
Pure Green, shown in the checkered green area. \ieyof the FluoSpheres will be
excited by the pad emission. The emission of theo$pheres occurs at a higher
wavelength than the other components of the syataican be easily separated from the
other phenomena and their wavelengths.
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Figure 11: The dye emission compared to LED ligid pad emission.
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With careful selection of a filter, most of the @&ation source signal and noise
from the pad can be eliminated. Figure 12 showsbidwedpass filter in purple. It is
centered at 650 nm and has a +/- 40 nm range. &yngl the filter directly in front of the
camera, only the wavelengths between 610 and 69@itine captured.
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Figure 12: Filter detection of the system.

LED lights are to be used more in PIV as they heaseral advantages over UV
and laser illumination sources. Compared to botlrcas, LED’s are extremely cheap
and easy to use. LEDs can be purchased for thdeasaindollars cheaper than UV or
laser illumination sources and will last for motan 100,000 hours. In addition, LED
lights do not produce any heat and eliminate tloblpm of pad burning caused by laser
and UV. Furthermore, there are no associated handl safety concerns.

Next-Year Plan:

* Re-qualify the DELIF system and take pad-wafer aohtneasurements on
the following polishing pads: Fruedenburg FX9, Cla€C00, CMC D200, and
IC1000.

* Optimize DELIF contact measurements by assessiageftficacy of three
different slurries with different particle loadings

* Develop a laser based sensor to measure wafecaleptrsition and angle of
attack in situ and attempt to correlate these datastick-slip phenomena.

» Develop a method for measuring material remova (MMR) utilizing the
equipment available here at Tufts University.

* Use CoF and MRR data to develop a working modeCiiP that connects
small scale mechanical and chemical phenomena tderwacale
measurements.

» Demonstrate first in-situ applications of MEMS sanss

» Continue feasibility study of floating element shstiess sensors.

» Acquire equipment and conduct PIV proof of cona@eqieriments.
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Surface Characterization and Flow Resistance Estimation of CMP Pads

Personnel:
Pls:
* Ara Philipossian: Chemical and Environmental Engiireg (UA)

Other Research Personnel:
* Len Borucki: (Araca Incorporated)
* Yun Zhuang: Chemical and Environmental Engineefihg)

Graduate Students:
* Ting Sun: Chemical and Environmental EngineeringU

Objectives:
The objective is to investigate the fluid carryiegpacity of CMP pads by

guantifying their surface topography through bodimtact and non-contact methods. By
better understanding how pad surface asperitiest sassist slurry flow during CMP,
pads with engineered surfaces can be produceelia lpwer slurry flow rate processes.

Background and Method of Approach:

Both contact and non-contact methods were useddlyze surface properties of
Rohm and Haas IC1000 and psiloQuest Cu 4870 padsisfom-made incremental and
cyclic loading device (ILD) was used to measure gap between a reference plane in
contact with the pad sample surface and a stajocepacitance probe under different
loads.

The ILD uses a contact method to measure the macharesponse of pad
surfaces to periodic loading and unloading (i.€leythat are similar to the loading cycle
of a fixed area of the pad surface as it passesruhé wafer during CMP). The method
is based on the fact that the bulk modulus of d Ipad (i.e. < 500 MPa) is much larger
than the apparent modulus of its surface (i.e. 20tdMPa). This difference is due to the
fact that CMP pads have rough surfaces in the oofléens of microns consisting of
asperities which compress easily under the loapliealty used in CMP. In our studies,
an annular pad sample with fixed area of one squete is used for convenience. The
sample is mounted on a flat, polished cylinder amdetal-coated optical flat is placed on
the top surface. A capacitance probe is positigdhexligh the hole in the sample until the
surface of the flat can be detected. When a loadpjslied, the capacitance probe
measures the change of the gap between the flathentip of the probe. Under the
conditions described above, nearly all of the mesbdisplacement can be attributed to
pad asperity deformation. Before starting the tastight preload (~ 0.25 Ib) with a
centering ball is placed on the optical flat. Tisigo flatten the sample, which usually is
slightly distorted after being cut from the paddao deform any edge burrs that might be
present. After the system has stabilized, a sefiésggers are used to drop weights onto
the sample at fixed time intervals. Each weight i, so individual weights increment
the pressure on the surface by 1 PSI. To avoie lasgillations, the weights are dropped
only a few tens of microns. The drop distance camdjusted using a micrometer at the
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top of the load stack. During the experiment, thefodnation of the surface is
continuously recorded as a function of time.

Separate from ILD tests, optical interferometryuged to probe the pad surface
without contact and produce a visible surface hemgbbability density function (PDF).
This information is used to not only validate treadobtained from the ILD, but to also
estimate the load carrying capacity in the lanc afethe pad samples.

Highlights of Results and Accomplishments:

In incremental loading analysis, when loads ardiego, or released from, the
pad sample surface, the gap changes and a loddadspent relationship can be
measured that shows evidence of pad surface épdatitic deformation as well as
rebound and creep. The elastic/plastic data disptafinear features characteristic of a
rough surface response rather than a bulk resp&e surface height PDFs obtained
from interferometry have exponential tails on tidesthat contacts the wafer. This tail
can be characterized by a decay lengtfdefined as the distance over which the tail
drops by a factor of 1/e). Based on the GreenwdMiliamson rough surface contact
model, the load-displacement relationship is abgpoaential if contact remains within
the exponential tail of the pad surface heightdgisam. For both Rohm and Haas 1C1000
and psiloQuest Cu 4870 pads, the decay lehgth extracted from the log plot of the
pressure ratio vs. the change in displacement rddathrough incremental loading
measurements. The decay leng@ths also extracted independently from non-contact
interferometry data (Table 1). Results show thdtesa of A are consistent for both pads
using these two methods.

Table I. Results from Incremental Loading Devicd arterferometry

Decay Length Decay Length,

Pad Type Pad Surface Standard
A, ILD (um) Interferometry um ) Deviationo (um)
PsiloQuestCu | 1 70 6.9 29.2
4870 2 ' 6.0 28.8
Rohm and Haas 1 54 4.9 7.9
IC1000 2 ' 5.0 6.9

Slurry flow under the wafer in the land areas camindeled with the Reynolds
equation with roughness correction. Pressure flagtors and shear flow factors were
then calculated from PDF data using the methodoaidygenization to estimate the flow
resistance and fluid carrying capacity for both Ramnd Haas IC1000 and psiloQuest Cu
4870 pads as a function of wafer loading.

Pad surface topography can present an obstacléuith ffow when pressure
differences exist in the fluid. Resistance to puessiriven flow can be quantified by
pressure flow factor which has a value is 1 when shrface is perfectly smooth and
drops to zero when no flow occurs. The pressung fector depends on the location of
the wafer, which varies with loading. The flow factgenerally decreases as the load
increases. It should be noted that pressure-dfie@nis not important for grooved pads,
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since there is very little fluid pressure developin@uring CMP when grooved pads are
used.

Valleys in the pad surface topography carry fluidctly. The effect of valleys on
fluid transport can be quantified by the shear ffaator. Shear flow factors are estimated
for both psiloQuest Cu 4870 and IC1000 pads, aacbntted against H (location of the
reference plane divided by the pad surface heigindgard deviation), as shown in Fig. 1.
Each interferometry image yields two estimateshef flow factors.Flow factor curves

from all images are averageldhe value is 0 for a smooth surface and increasesléeys

become deepeThe shear flow factor curve associated with théo@aiest Cu 4870 pad
increases with H up to a certain point then de@®agith H. This implies that direct
transport of fluid by valleys in the land areagstod pad is enhanced up to a point as the
surface is compressed. For IC1000 pad, the sameé &fgows in shear flow factor curve,
except that the enhancement of fluid transportddieys is not as large as psiloQuest Cu
4870 pad.

Combined with ILD data, H can be related to spec#ipplied processing
pressures, as shown in Fig. 1 with dotted vertioak. It can be seen that the psiloQuest
Cu 4870 pad has higher shear flow factor than 104 at a certain applied load. The
total fluid flux is proportional to the product dfie shear flow factor and the surface
height standard deviation (see Table I). TheretbeepsiloQuest Cu 4870 pad has about
5 times more capacity to transport fluid in topgdraal valleys relative to the Rohm and
Haas 1C1000 pad. This suggests that much lowerysliaw rates might be possible with
psiloQuest Cu 4870 pad.

T T T T
L IC1000 Plain Pad sigma )

Shear Flow Factor

Shear Flow Factor

05—

Figure 1. (a) Shear Flow Factor of psiloQuest 7@ Pad; (b) Shear Flow Factor of IC1000 Pad

Industrial Interactions and Technology Transfer:
* Dan Marks (psiloQuest)
* Tony Clark (psiloQuest)
» Jam Sorooshian, Darren DeNardis and Don Hoopeel)Int

ESH Impact:
* A method was developed to study fluid flow featunesthe land areas of pad
surfaces. This method can be used to assess arel designs of pad
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materials and surface texture, which would reddgaysusage. As a result,
the waste volume produced by CMP process wouleteced.

Conference Presentations:
» ‘Surface Characterization and Flow Resistance Edamfor CMP Pads’ T.
Sun, L. Borucki, Y. Zhuang, D. Marks, T. Clark aAd Philipossian. 210th
Meeting of the Electrochemical Society, Cancun, Mex October 29 -
November 3 (2006).

Next-Year Plan:

» Determine whether ILD can be used with moist padmas. Study of moist
pad samples is more realistic, and not possibla imterferometry. Quantify
and explain differences between moist and dry padbses.

* Modify the ILD to allow samples to be analyzed #itedent temperatures.

* Investigate the effect of temperature on pad serfapography.
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Mechanistic Study and Modeling of Novel Orbital Motion Polisher for
Copper CMP Process

Personnel:
PI:
» Ara Philipossian: Chemical and Environmental Engiireg (UA)

Other Research Personnel:
* Leonard Borucki: (Araca Incorporated)
* Yun Zhuang: Chemical and Environmental Engineefihg)

Graduate Student:
* Hyosang Lee: Chemical and Environmental Enginedih)

Objectives:
The objectives of this task are to (1) charactetimeby-product build up on the

pad surface and investigate how process paramafégst by-product build up and
polishing performance for orbital polishers for pep CMP, and (2) perform numerical
simulations to simulate copper removal with theonporation of local pad staining.

Background:
Orbital polishers have a ‘through-the-pad’ slurristdbution and injection

system. This approach can greatly reduce slurry ars enhance slurry utilization
efficiency during polishing since all of the sluriy injected under the wafer. While
orbital polishers have a potential benefit of 3-B&duction in slurry consumption
compared with conventional rotary tools, varioug&k can reduce or offset this benefit
in specific CMP processes. For example, non-unifsiumry distribution, wear ring - pad
interaction and sub-optimal pad grooving can leady-product build up on the pad
surface and cause low, non-uniform and unstablistpohtes during the process. These
concerns may be addressed through fundamental mstibatudies to understand slurry
transport, slurry chemistry, and the tribologidhkrmal and kinetic characteristics of the
polishing process.

Method of Approach:

A polishing tool was constructed using a scaledispel modified to allow
injection through the center via a peristaltic puwith flow rate buffering. A 5-mm hole
was drilled through the platen center and the pacsiurry delivery. All polishing was
done with a stationary pad and a rotating polistiiegd aligned co-centrically with the
pad. 100-mm blanket copper wafers were polishetCA®00 XY-groove pads. Copper
wafers were mounted on a 4-inch optical flat, whitchurn was attached to a gimbaling
polishing head. Conditioning was performex situusing a 3M A165 4-inch disc co-
rotating with the pad and having a 2-cm axial dffe®lishing was performed for various
time, pressures, rotational speeds and slurry tiojecrates. Cabot Microelectronics
Corporation iCue 5001 slurry was used. Injecticiesavere consistent with commercial
practice on orbital polishers. Removal rates werteminined using a 4-point probe. Stain
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intensities were quantified by photographing the wéh a high resolution digital camera
and converting the images to grey scale.

Highlights of Results and Accomplishments:

Figure 1 indicates that staining on XY-groove pads found to increase with
applied pressure, wafer rotation rate, time, andglinjection rate. Removal rates were
found to increase approximately linearly with digta from the injection point at the
flow rate of 50 ml/min in Fig. 2, consistent with mechanically-limited, Prestonian
mechanism. However, at a lower flow rate of 25 nii/mnd high rotation rate (Fig. 2,
upper right), the rate was found to level out aal vibration occurred, suggesting onset
of a chemical limitation or incomplete lubrication.

Jpsl 5 minutes polishing

150 RPM, 50 mlimin, 1 minute polishing 5PSI, 150 RPM, 50 milimin
M 25 mlimin

80 RP|
SPSI, 50 mlimin, 1 minute polishing 5PSl, 150 RPM, 1 minute polishing

5PSI, 150 RPM, 50 mlimin,
1 minute polishing

Figure 1. Effect of pressure, velocity, time amivfrate on pad staining.

A key question was whether the stain itself affédctee rate in a feedback
mechanism. An experiment was performed in which ge was cleaned and
conditioned, and then wafers were polished in ssgtoa without further dressing under
two conditions differing only by pad staining (Fig). In one condition, the pad was
cleaned with oxalic acid between wafers. In theentthe pad was cleaned and restored
but there was no further treatment between walersoth cases, the mean rate was
found to decrease with each successive wafer galiglfig. 4). The decay in removal rate
was approximately the same in both cases in spiege differences in pad staining. An
observed difference in rates between the first igafes probably due to variation of the
initial surface topography. These results sugdestif stains from the slurry affect rate at
all, then the effect is smaller than experimentabre A visually observed increase in
glossiness of the pad surfaces with time (sometintegpreted as glazing) suggested that
the observed rate decay was caused by plastic dloabrasion of contacting surface
asperities. This, rather than staining, would tlhenthe main factor affecting rate on
orbital tools, which do not allow situ conditioning.
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Figure 2. Removal rate vs. wafer radius under dffe: flow rates and wafer rotational

rates

| Pad break-in and seasoning

|

| 1 minute polishing with a new wafer |

l

!

Cleaning pad
surface with
oxalic acid
solution

!

1 minute
polishing
with a new
wafer

]

Repeated 3 times

YWith pad cleaning

1 minute
polishing
with a new
wafer

I

Repeated 3 times

Without pad cleaning

Figure 3. Experimental procedures for investigatihg effect of staining on removal
rate.
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Figure 4. Effect of staining on removal rate.

A model was developed to simulate stain formatiornhe pad surface. The model
consisted of the incompressible Navier-Stokes egosit the heat equation with
advection, a material removal rate model, a model deneration, transport and
deposition of the polishing byproduct that produties stain, and load and moment
balance. The Navier-Stokes equations for the slilwwy were solved only in the grooves
and on the land areas. COMSOL software was usedive the Navier-Stokes equations
in order to find slurry flow in XY-groove pad. Trsemulated result was shown in Fig. 5.
The simulated result indicated that there were rseas on the land areas and wafer-
driven circulation in the grooves.

The heat equation is being solved in the slurrpgishe velocity field from the
Navier-Stokes equations in the advection term. Teat equation is solved in the
surrounding solid materials (e.g., pad, sub-pademyaising the appropriate rigid body
velocities in the advective terms. The source fanthe heat equation applies only on the
land areas and has the form

Q =upsV (1)

where 4 is the coefficient of frictionps is the local solid contact pressure ands the
sliding velocity. The heat equation is also soleedCOMSOL software.

The above considerations apply to any CMP systamthke present case,
experiments suggest that mechanical removal isssacg for staining to occur. For
systems in which copper polishing can be describgith a three-step chemical-
mechanical model with static etching via surfacenplexing, the flux of mechanically
removed surface oxide from the wafer surface intodlurry is
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2)
where Cox is the concentration of stain-producing by-produrcthe slurry,Doy is the
diffusivity, n is a unit normal vector to the wafer surface, andk,, k, are the rate

constants for the copper surface oxidation ranlechanical removal rate of the oxide,
and the rate of surface oxide removal by complexmegpectively. The oxidation and

complexing rates depend on the reaction temperatimeh comes in part from the heat
equation. In general, an additional contributio® do asperity flash heating may also be
necessary. Equation (2) is a boundary conditionafirective transport of the staining

agent in the slurry,

0o
ot

+V Co = O Dy, 0c,y) - 3)

whereV;, is the slurry velocity field from the Navier-Stokeguations. The staining agent,

in accordance with experiments showing that a staim be deposited from slurry pad
transferred from a working pad to a test pad, suamd to be deposited on the pad
according to a first order reaction with rate cansks,,

— Do, Co, (R = KCoy - (4)

The total accumulation of staining agent on the igathe integral of the flux with time.
Note that color saturation should occur as thektiess of the stained layer increases.
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Figure 5. Simulated slurry flow in XY-groove pad.
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Industrial Interactions and Technology Transfer:

Fergal O’'Moore: Novellus Systems, Inc.
Sooyun Joh: Novellus Systems, Inc.

Conference Presentations:

Yun Zhuang, Hyosang Lee, Len Borucki, Fergal O'MooBteve Schultz,

Sooyou Joh, and Ara Philipossian, “InvestigatiorPafl Stain and Its Effect
on Copper Removal R&te11" International Symposium on Chemical-
Mechanical PlanarizationLake Placid, NY, August 13 — 16, 2006.

Hyosang Lee, Len Borucki, Yun Zhuang, Fergal O'ModBteve Schultz,

Sooyou Joh, and Ara Philipossian, “InvestigatiorPafl Stain and Its Effect
on Copper Removal Rdte 2006 International Conference on
Planarization/CMP Technologyoster City, CA, October 12 — 13, 2006.
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Process Optimization and Modeling of Copper and Tantalum Chemical
Mechanical Planarization

Personnel:
Pl
* Ara Philipossian: Chemical and Environmental Engrireg (UA)

Other Researcher:
» Leonard Borucki: (Araca Incorporated)

Graduate Student:
* Daniel Rosales-Yeomans: Chemical and Environméirigineering (UA)
» Darren DeNardis: Chemical and Environmental EnginggUA)

Objectives:
The objective is to analyze the effect of noveloy® patterns on the kinetic,

thermal and tribological attributes of copper CMiPan effort to reduce slurry and pad
consumption.

Background:
Differences in pad grooves can affect the chenpcatesses in copper CMP by

modulating the: (a) net flow under the wafer, (b)qess temperature, and (c) reactants
and polish debris concentrations. Furthermore, gbsin the mechanical abrasion of the
passive film may occur due to differences in pambging which can in turn affect: (a)
slurry film thickness under the wafer, (b) sheacé (c) pad compressibility and (d) pad-
wafer contact area. The effective transport ofrglur and out of the pad-wafer interface
becomes critical particularly for process in whibly-products are detrimental to
polishing rates. In this study, novel groove patsefi.e. a combination of logarithmic and
spiral, as well as slanted concentric grooves) vexauated to effectively control the
introduction of fresh slurry into, and the dischamf spent slurry and debris, out of the
pad-wafer interface. In addition, a novel 3-stepdeionvas implemented to analyze the
experimental data and evaluated the effects oktlgesove designs on the chemical and
mechanical mechanisms of the process.

Method of Approach

Polishing was performed on polyurethane pads dividéo two different groups
of groove design. Group 1 included combinationdogfrithmic and spiral grooves in
different directions (positive and negative). Pesitgrooves were intended to retain the
slurry while negative grooves were meant to aidlinry and by-product discharge. The
pads evaluated in Group 1 were: Logarithmic NegatBpiral Negative (LNSN),
Logarithmic Positive Spiral Positive (LPSP), Loglamic Negative Spiral Positive
(LNSP), Logarithmic Positive Spiral Negative (LPS&Nd concentric grooves (Fig. 1
left). Group 2 consisted of pads with concentric greostanted at different degrees
(zero, 20 and 30 degrees) and directions (positileaning towards the edge of the pad,
and negative if leaning towards the center of thé)pThe pads tested in Group 2 were:
Minus 3C, Minus 20, Zero degrees, Plus 2a@nd Plus 3D(Fig. 1right). Copper wafers
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were polished at applied wafer pressures of 18, 2.0, 2.5 and 3.0 PSI and sliding
velocities of 0.3, 0.75 and 1.20 m/s. Real-timeash®rce (COF) data were taken
simultaneously along with the real-time infraredrthal measurements.

Positive Direction

Negative Direction

Side View

Top View

Figure 1: Pad groove patterns evaluated in groufieff) and 2 (right).

A novel 3-step model combined with a previously eleped flash heating
thermal (FH) model is proposed to theoreticallyleste removal rates for all the pads
tested in this study. In ‘Step-1' copper is oxidizat rate k which is then removed
through both mechanical abrasion (i.e. ‘Step-2'a#t k and dissolution by complexing

agents in the slurry (i.e. ‘Step-3’) at rate Khe governing equation for the removal rate
model is:

—_ MW kl(kZ +k3)
p Kk +k, +k,

RR

(1)

whereM,, andp are the molecular weight and density of copper.
The rate constant for the oxide growth is takemfr@ copper oxidation model

based on cation migration to represent measureg@ecopxide growth profiles as a
function of temperature. The rate constant forpSteis described as follows:

k, =—Po_mnof Eaaxp(ﬂ) Eaaxp( qta EE) 2)
M kT

w 2kTx

(08

The rate constant used to characterize the dissoluf the copper oxide is
extracted from a 1-dimensional model, where th&usibn of the complexant through a
by-product film appearing on the wafer surface rafitehing controls the process. The
rate constant for ‘Step-3’ in the removal rate maslas follows
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- Aex;{ _Ria)
k, = 3
s (x -x) 3)
All variables in Egs. (2) and (3) are either knosanstants or have been experimentally
determined except for and & — X), which both represent the thickness of oxidehim t
wafer surface at a given time.

The mechanical removal rate constant is assumebet@roportional to the
frictional power density,

k, =c 4 pV (4)

wherec, is the proportionality constant with units of mdl, Jli is the average coefficient
of friction, p is the applied pressure a¥ds the pad/wafer relative velocity.

The average reaction temperature at the waferciffaused for the rate of oxide
growth and the rate of oxide dissolution, is hyesiked to be a combination of the
average leading edge pad temperature and the tatapegenerated by asperity tip flash
heating.

T=T,+AT, (5)

whereT, is the measured average leading edge pad tempertteach,V) condition
and4rT;is the mean flash temperature increment. In thidystduring the characterization
of experimental data we contrplandV, measurel, and 4, and extract,, /' ande to
minimize the RMS error between the model and thasueed removal rates.

Highlights of Results and Accomplishments:

Figure 2 shows contour plots of copper removalsratresponding to Group 1
(uppen and Group 2 paddofver). Unlike the Preston plot, the contour plot shdiws
separate influences pfandV rather than presupposing a dependence of remaeabra
pV. Figure 2 shows that at a given sliding velocitg.(0.75 m/s) less pressure is needed
in the case of LNSP than in the cases of LPSN arc€atric groove (i.e. 1.5 instead of
2.5 PSI) in order to achieve the same removal &itailarly, in Fig. 2 regardless of the
direction of slanting, less pressure is needed thigh20 slanted groove pad compared to
other slanted configurations (i.e. 2 instead ofS3)P The behavior observed for these
novel pads is an advantage in polishing ultra loshefectrics where lower pressures will
be required to prevent delamination issues.

Figures 3 and 4 show that the 3-Step removal raideiagrees well with the
experimental data. A good fit to the data alsovedlaetermination of the chemical and
mechanical rate constants. Figures 5 and 6 showatleeofk; to k; as a function opV.

In all cases, at values @V below 5000 W/ the process is more limited by film
removal through mechanical abrasion, however,p¥sincreases, this limitation is
reduced and a transition occurs to a more balapoecess where the ratio of the rate
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constants approaches unity and neither mechanismndtes. In addition, the model
allows the establishment of an important correfati®tween the degree of chemical-
mechanical balance and the removal rate achievedach pad. The amount of copper
removal agrees very well with the balance betweem ¢hemical and mechanical
mechanisms. Figures 5 and 6 show that the fasteclaser the ratio of the two constants
approaches unity, the higher the removal rate aeliéor that pad.

Figure 2:
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Industrial Interactions and Technology Transfer:
» Tatsutoshi Suzuki: Toho Engineering

ESH Impact:
» Significant increase in pad life as evident frora tiearly 50 percent reduction

in required applied pressure with certain pad geodesigns
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» Significant reduction in slurry consumption as ewvit from Fig. 7 which
shows copper removal at reduced slurry flow rates the LNSP and
concentric groove pads. Removal rate increasehtisligs slurry flow rate
decreases for the pad with concentric grooves. Mewé¢he LNSP pad results
in much higher rates when slurry flow is reducedbbypercent.

Publications:
* D. Rosales-Yeoman®. DeNardis, L. Borucki, and A. Philipossidiesign
and Evaluation of Novel Pad Grooves for Copper CM® be submitted to
Thin Solid Films.
» D. Rosales-YeomansD. DeNardis, L. Borucki, and A. Philipossjan
“Analysis of Concentric Slanted Circular Groove Palliring Copper CMP
to be submitted to Thin Solid Films.

Conference Presentation:
* D. Rosales-Yeomans, D. DeNardis, L. Borucki andPAilipossian “Design
and Evaluation of Novel Pad Grooves for Copper CN2ROth Meeting of the
Electrochemical SocietyCancun, Mexico, October 29 - November 3, 2006.

Next-Year Plan:

* Extent the learning from this study to ILD CMP od@ pads manufactured
by Cabot Microelectronics Corporation

» Complete analysis and modeling of the effect obgeodesign under reduced
slurry flow rate conditions during copper polishing

* Perform Dual Emission UV Enhanced Fluorescence (DEFE) analysis to
evaluate the effect of pads with slanted groovetepad on process
hydrodynamics during CMP.

* Expand the 3-step copper removal model by chaiactgrthe dependence of
copper oxide film growth on the pad/wafer rotationeelocity and
conditioning process during CMP.
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Sematech/Texas |nstruments Custom Project: Environmentally Benign
Repair and Sealing of Ultra Low-k Dielectrics

Personnel:
Pls:
* Anthony J. Muscat, Chemical and Environmental Eegiing, UA

Graduate Students:
* Eduardo Vhymeister, Chemical and Environmental Eegiing, UA and
Chemical Engineering, University of Puerto Rico,ydguez

Undergraduate Students:
» Lieschen Choate-Hatch, Chemical and Environmemagirieering, UA

Objectives:
This project seeks to develop the science of supiead fluid processing to

restore and cap porous Idwfilms, enabling the integration of ultra lokveielectrics for
the 32 nm technology node. Supercritical carbonxid® (scCQ) could replace
conventional solvents used in device fabricatioth metuce the environmental costs since
CO, can be separated from byproducts and reused. riCionis pores present significant
integration challenges that may not be addressisfegdorily by conventional backend
cleans based on organic solvents or inorganic amdsaining water and modifiers. The
goal is to control the chemistry of sealing andarepayers deposited using sc&on
porous lowk materials to produce a thin, robust barrier witlo@ electrical properties.
Previous work showed that plasma-damaged film regoail pore sealing were possible
using millimolar concentrations of a variety of afdsilane molecules dissolved in
scCQ. This study demonstrates independent control dverthickness of the sealing
film and its surface properties, which is a ste@ahieving narrow line widths with this
technology. Texas Instruments and Sematech joiatigied this project.

Background:
Copper metallization was introduced in the latdf bathe 1990’s to reduce the

resistance of metal lines, and ldwdielectrics are under development to reduce the
capacitance. Vapor, liquid, and supercritical phpseesses have been investigated to
silylate the surfaces of resist materials and perowk films. A vapor treatment of
hexamethyldisilazane (HMDS) followed by heating 460°C yielded a hydrophobic
surface and restored tkevalue of porous methylsilsesquioxane (p-MSQ) filnosn 3.14
after etching and ashing to 2.43, which was closthé 2.23 nominal dielectric constant
of the starting materidl Mixtures of HMDS and scCOwere used to repair Hplasma
ash damaged porous p-MSQ films. The starting comatagle of 18° was increased to 90°

®P. G. Clark, B. D. Schwab, J. W. Butterbaugh, Hdudnter, and P. J. WolSemicond. Int9, 46-48, 50,

52 (2003).
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in <1 min/ The addition of HMDS, trimethylchlorosilane (TMGSpnd other
chlorosilanes to scCOreduced the dielectric constant of @Plasma damaged p-MSQ
films from 3.5 after ashing to 24 0.2% Methyltrichlorosilane (MTCS) produced only a
small decrease in dielectric constant, but polyreetiforming a capping layer on the
surface.

Supercritical fluids have excellent surface wettipgperties, high diffusion
coefficients, and solvate a variety of moleculesrdbver, supercritical carbon dioxide is
nonaqueous making it compatible with metals andrftasurface tension allowing it to
penetrate nanometer-sized structures, @G green house gas, but approximately 80%
of the CQ used commercially is a by-product from other irtdas. Moreover, there are
proven technologies to recycle and reuse,.Clhe bulk cost of C@is approximately
$0.50/1b.

Previous work in the Center developed an understignof backend wafer pore
capping and film repair chemistries based on sujiead carbon dioxide, as well as
demonstrated proof of concept processing sequéncédthough commercial
development of supercritical G@ools and processes by the semiconductor indusisy
curtailed significantly in 2005 because of tacticadst analysis and performance
requiremetns, understanding the fundamental sciefice processing fluid that could
enable the fabrication of nanoscale structurestrategic value.

Method of Approach:

Porous methylsilsesquioxane (p-MSQ) films were dépd by International
Sematech and Texas Instruments using JSR LKD 5408 en 200 mm Si(100) wafers
(p-type, 11-20 ohm-cm), cured, and ashed in arpl@sma. The porosity of the ashed
films was 40% and the nominal film thickness wa®®A° Wafers were cleaved into
3.0 cnf pieces for processing. The chlorosilane chemistwere TMCS [(CH)sSiCl]
(99%+) and MTCS [(CB)SiCls] (97%) purchased from Sigma-Aldrich and used witho
further purification. Samples were processed irylandrical high-pressure reactor (16
mL volume) with a quartz viewing window. G@as admitted into the reactor via a tube
(0.076 cm ID) on the side of the cylindrical watl the end opposite the window. An
exhaust tube, chemical injection port, and a theouple (Omega, KMTSS-062G-6)
were located at the end with the viewing windowe Themical injection port consisted
of two needle valves (HiP, 15-11AF1) mounted iniesercreating a volume of
approximately 0.25 ml. The cell was wrapped in ingatape (Omegalux, SRT101-040)
and insulated to maintain a fixed temperature qf383 or 48C, using a PID controller
(Omega, CNi3244-C24). Samples were placed in tlek bathe reactor, and a magnetic
stirring bar was positioned in the front beforelsga The reactor was put on a magnetic

" B. P. Gorman, R. A. Orozco-Teran, Z. Zhang, PMatz, D. W. Mueller, and R. F. Reidy, Vac. Sci.
Technol. B22,1210-1212 (2004).

8 B. Xie and A. J. MuscaMicroelec. Eng76, 52-59 (2004).

° B. Xie, and A. J. MuscaMlicroelec. Eng82, 434-440 (2005); B. Xie?h.D. Dissertation, University of

Arizona,August 2005; B. Xie, L. Choate, A. J. Musddicroelec. Eng80, 349-352 (2005).
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stirring plate and purged with G@as, followed by a supercritical G@nse at 65 bar.
CO, (>99.99\%, Air Liquide Coleman grade) was admitiatb the system using a
syringe pump (ISCO, 260D) and controller (ISCOjeseD). After the initial rinse, the
reactor was refilled with C£at 87+0.5 bar at the reaction temperature. Chds{da-60
microliter) were introduced using a syringe inte tbhemical injection port. GOat
90+0.5 bar was mixed with the chemicals and usegush the mixture into the reactor
through a needle valve. Reaction times were definethe interval between opening the
needle valve and purging the reactor. Samples wesed with scC@at 75 bar at the
reaction temperature for 5 min and removed from ¢bk for post-process analysis.
Transmission Fourier transform infrared (FTIR) dpescopy (Nicolet Nexus 670 with a
MTCA detector), ellipsometry (J.A. Woollam Co. M), and contact angle (Rame-
Hart Inc. Model 100-00 goniometer) were used torati@rize samples before and after
processing. Toluene was the probe molecule useellipsometric porosimetry analysis.
Metal-insulator-semiconductor (MIS) capacitors wialericated by e-beam deposition of
gold dots patterned with a shadow mask and tedesdrieally with an Agilent 4284A
precision LCR meter at 1 MHz and a DC bias of —46%40V in a light tight box.

Highlights of Results and Accomplishments:

The thickness of the film added to the surface tlgrosilane treatment increased
approximately linearly with the final contact andfgure 1). Samples were processed
for 3 min with TMCS and MTCS dissolved in sceé& 90 bar and 4€. Three different
processes were examined: 1) MTCS and TMCS mixt@eB|TCS followed by TMCS,;

3) TMCS followed by MTCS. The maximum contact anigl®6-98 using chlorosilanes.
The mixture data (open circles) showed that cordagtes above 9&ould be achieved
with film thicknesses above 450 A. The contact anigl not only a measure of the
hydrophobicity of the film deposited on the surfabeit also a measure of the pore
coverage. The higher the contact angle generalpnsi¢he better and more uniformly the
pores are covered. In contrast, processing sealigrachieved >90contact angles with
film thicknesses as low as 150 A. Thinner layees preferred, since films added to the
barrier layer decrease the linewidth availabledopper metal in a subsequent step. The
MTCS is used to form a polymer on the surface dépgsa sealing layer. The reaction is
complicated by the number and placement of th@alléSiOH) groups remaining in the
film. MTCS produces silanol groups by reacting witater molecules present in the fluid
and for this reason is not desirable for repaitiimg film and decreasing the dielectric
constant. TMCS is a monofunctional molecule anccteeaeadily with SiOH groups
present in the p-MSQ and has successfully redulceddielectric constant of plasma-
damaged films to the value of the pristine surface.
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The results in Figure 1 demonstrate that indepencantrol over the thickness is
possible by introducing the MTCS and TMCS in sefmsdeps, rather than mixing the
two together. Contact angles from 92-@7ere produced by MTCS followed by TMCS,
which were only weakly dependent on film thickness)ging from 250-650 A (solid
squares). Reversing the sequence and introducinGS kbllowed by MTCS yielded a
lower contact angle (§land a thinner film (150 A) compared to the MTQ@Stfprocess
at the same concentrations. The TMCS reacts witlasei sites, blocking these sites for
further reaction with MTCS. With fewer points otathment present, the polymer layer
formed by MTCS was thinner, decreasing the contawle. A similar mechanism
explains the results for the MTCS and TMCS mixtuesept that reaction occurred in
the fluid phase between MTCS and TMCS. Since TM@S d¢ne point of attachment,
once it reacts with MTCS, it is no longer availabde reaction with the surface and it
terminates a polymer chain formed by MTCS. This tie reason that higher
concentrations of each chemical were required thieme similar contact angles
compared to the sequential process.

Samples LS-146 (MTCS+TMCS mixture) and 107 (seqakMTCS followed
by TMCS) were characterized by ellipsometric parery. These samples were treated
with the same chemical concentrations with moispuesent in the reactor, differing only
in the way that the chemicals were applied. Isotisemeasured by toluene adsorption
showed that the open porosity was reduced from 40%he starting, plasma-damaged
sample to 32% by the MTCS+TMCS mixture and to 23p4he sequential treatment of
MTCS followed by TMCS. The polymer film thicknessasvless than 50 A and the
contact angle was <82after processing with the chlorosilane mixture,evdas the
polymer film was approximately 300 A and the contacgle 98 after the sequential
process. These film thicknesses measured by caomahtllipsometry are representative
of the repaired film and the added sealing layea probe area of approximately 1 mm.
The pore size distribution of these samples obthiftem ellipsometric porosimetry
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isotherms (Figure 2) shows how the repair and sgalhanges the average sizes of the
pores. Both the mixture and sequential processheceel the porosity of the low-k film.
The pores after sequential processing (sample w@r¢ not completely closed off or
sealed, but the height of the average pore radiusedsed in size from the 1.8 A of the
starting plasma-ashed film producing a strongeosgary maximum at 0.92 nm than the
mixture process (sample 146). The exposed poremasuwere reduced by processing
with the chlorosilanes dissolved in sc€£Ohe sequential MTCS followed by TMCS
steps had the largest effect.

18

Sample 146 (mixture
MTCS+TMCS)
16
= =Sample 107 (Sequential
MTCS/TMCS)
14 4

Figure 2. Pores size 121
distribution obtained
from Ellipsometric 10

porosimetry analysis od
samples LS-146 (mixed
MTCS+TMCS  process)
and LS-107 (sequential 6
MTCS/TMCS processes).
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Industrial Interactions and Technology Transfer:
* Phil Matz and J. D. Luttmer, Texas Instruments
» Sharath Hosali and Sitaram Arkalgud, Sematech

ESH Impact:

 The use of CQwould eliminate solvents from backend of line meging of
low-k films.

* Recycling the C@would reduce the waste generated to the byprodidtse
additives, which are easily separated from,®@pressure drop.

» Successful implementation of a barrier film formg chlorosilane addition
would eliminate processing steps, since repairpicgp and barrier formation
would be done in one reactor.

Publications:
* None
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Conference Presentations:

* J. Muscat, “Environmentally Sustainable Processn@isiey at Solid Surfaces
using Supercritical C® 61st Northwest Regional Meeting of the American
Chemical Society, Reno, NV, United States, Jur82806, RE06-139.

* L. N. Hatch, A. J. Muscat, B. Xie, “Repair and caggpof porous MSQ films
using chlorosilanes and supercritical carbon dieXid9th Rocky Mountain
Regional Meeting of the American Chemical Socigéygson, AZ, United
States, October 14-1806, RM-006.

* E. Vyhmeister, A. Muscat, L. A. Estévez, D. Sulemand L. Choate, “Study
of low-k film repair and pore sealing using chldtases dissolved in scGO
19th Rocky Mountain Regional Meeting of the AmeriGhemical Society,
Tucson, AZ, United States, October 142086.

Disclosures and Patents:
* Witvrouw, C. Van Hoof, R. C. Hellin Rico, A. J. Mcat, J. Fransaer, J.-P.
Celis, “Method for encapsulating a semiconductarickin a microcavity by
forming a porous film,” patent application US 65886

Next-Year Plan:

* Demonstrate optimized sequential process usingratilanes to repair and
seal ultra lowk films with good electrical properties and coppéfudion
barrier properties.

* Investigate mechanism of repair and sealing laygpodition using new
reactor fitted within situ FTIR spectroscopy to understand fluid and surface
chemistry in real time.
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Research Report on the Screening of Four Options of PFOS Removal
from Litho-Track Wastewater

Personnel:
PI:
* Reyes Sierra, Chemical and Environmental Engingelir

Other Research Personnel:
e Fiona L. Jordan, Research associate, Chemical andoBmental
Engineering, UA
» James A. Field, Professor, Chemical and Environaléfrigineering, UA

Graduate Students:
* Valeria Ochoa, Chemical and Environmental EngimegrUA

Undergraduate Students:
* Beshoy Latif, Chemical and Environmental EnginegridA

Objectives:
The proposed research will conduct a preliminageasment of the effectiveness

of four different approaches for the removal offlp@rooctane sulfonate (PFOS) in
semiconductor effluents, namelyt) Anaerobic reductive dehalogenati@);Biomimetic
dehalogenation (vitamin B - Ti(lll) citrate); 3) Activated carbon adsorption; anrt)
Biosorption. The long-term objective is to develaphighly effective, low energy
wastewater treatment system to prevent emissiorBF@IS to the environment. This
research is conducted in the frame of a one-yestt gmject initiated on June 15, 2005.

Background:
PFOS and related perfluorinated alkyl surfactanB~AS) are important

components in a number of semiconductor operatigdthough more environmentally
benign chemistries are under development, commatkernatives to PFOS for critical
photolithography uses are still lacking. Theramsurgent need for feasible methods to
remove PFOS/PFAS from semiconductor effluents gleoto minimize environmental
release of these emerging pollutants. Applicatiboomventional methods to the removal
of PFOS in semiconductor effluents appears tomédd by technical and/or economic
considerations.

Method of Approach:
Work conducted focused on:

1) Set up of analytical methods for the detection BOB in aqueous and solid
matrixes.

2) Assessment of the inhibitory effect of PFOS, penftlbutane sulfonate
(PFBS, a surfactant proposed as a possible PF@®atit/e), and tetramethyl
ammonium hydroxide (TMAH, a common co-contaminarit RFOS in
semiconductors wastewaters) to anaerobic microsiyen
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3) Preliminary assessment of the effectives of miabbireductive
dehalogenation for the removal of PFOS in semicotafeffluents.

4) Preliminary evaluation of biomimetic reductive defgenation for the
removal of PFOS. Initial experiments evaluating temoval of PFOS by
sorption onto activated carbon and biosolids (waater treatment sludge) are
ongoing.

5) Screening of the removal of PFOS by adsorptimio activated carbon and by
wastewater treatment sludge

Highlights of Results and Accomplishments:

Analytical Methods: Analytical methods for the determination of PFOSI an
PFOS degradation products were set up. The agpeeaexplored included: direct
injection tandem mass spectroscopy (MS/MSF-nuclear magnetic resonancEr¢
NMR), and total dissolved carbon analysis. Thatretly high atomic weight of the
fluorine as compared to the hydrogen atom commaorganic molecules facilitates the
detection of different perfluorinated compoundgetatively clean matrices by MS/MS
without prior chromatographic separation. Furthemnawo different methods were set
up for the analysis of fluoride released from tledaogenation of PFOS, one based on
the use of ion-selective electrodes, the other andhromatography with suppressed
conductivity detection. While MS/MS antF-NMR are useful techniques for the
analysis of PFOS in simple mixtures and relativellgan matrices, more specific and
sensitive methods, such as liquid chromatographgddm mass spectroscopy
(LC/MS/MS) and ion chromatography, are essentiattie analysis and identification of
PFOS/degradation products. Both analytical methadguire expensive and
sophisticated equipment that was not availabléiggroject.

Microbial Toxicity: The inhibitory effects of PFOS, PFBS, and TMAH tods
methanogenic microorganisms in anaerobic wastewstatment sludge were tested at
concentrations ranging from 5 to 500 mg/l. Thehbkg concentration tested is close to
the solubility limit for PFOS. Assays utilized &a& or H as substrate. PFOS lead to a
small decrease in the methanogenic activity (20%pared to the control) when present
at 500 mg/l (Figure 1). None of the other compaunelsted were found to cause
significant microbial inhibition in these assayBhese results are of significance because
methanogenic microorganisms are the most sensitigeoorganisms in anaerobic sludge
digestors, which is the treatment unit more pran®xic shocks in municipal wastewater
treatment systems.

Anaerobic Biodegradation: Microbial reductive dehalogenatioaxperiments
were set up to determine the ability of six differenicrobial inocula to degrade PFOS.
No evidence has been obtained yet that the penflai®d compound is degraded after 6
months. If microorganisms do exit which are capdbldegrade PFOS, they are likely to
be found in matrixes exposed to PFOS for extendee periods (e.g. contaminated
sediments). Our assays included wastewater treatsiedges previously exposed to
PFOS, however, liquid and sludge retention timesvastewater treatment systems are
relatively short.
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Figure 1. Effect of PFOS on the methanogenic activity of ¥echanaerobic culture.

Biomimetic Dehalogenation:Research conducted in the frame of this one-year
project has unequivocally demonstrated that vitaBiin(cobalamine) and Ti(lll)-citrate
can catalyze the reductive defluorination of PFO®e evidence was based on fluoride
release. This finding is highly significant becauses the first report of reductive
dehalogenation of PFOS.

Preliminary experiments were performed to optimizee biomimetic
dehalogenation of PFOS. The conditions considenetuded vitamin B, and Ti(lll)
dosage, pH and temperature. As shown in Figurth@,rate of PFOS degradation
increased considerable with increasing temperaturds much as 18% PFOS
defluorination, equivalent to the removal of thfaerine atoms, was obtained in less
than one week. Increase of the reaction pH frarnd 9.0 also had a positive impact on
the rate of PFOS defluorination, although less mardompared to the results obtained at
high temperature. These results have importanticatpns for biodegradation since
partially defluorinated PFOS derivatives, compagald the products expected from
reductive defluorination are known to be susceetibd biodegradation by aerobic
bacteria (Key et al., 1998).

Additional research should attempt to identify greducts formed from PFOS
degradation and their characteristics.

Adsorption of PFOS by Activated CarbonThe effectiveness of granular
activated carbon (GAC) and wastewater treatmermlgsellas sorbents for the removal of
PFOS from aqueous streams was evaluated. Expdasmenducted with PFOS solutions
(0O to 150 mg/L) under well defined conditions (T8°G, pH 7.2) showed that PFOS
adsorbs readily to GAC. However, the affinity dfF®S for GAC is moderate to low
when compared to contaminants traditionally removsd GAC adsorption. The
feasibility of utilizing GAC to remove PFOS from rseonductor wastewaters will
strongly depend on both the desired target efflumoricentration of PFOS and the
physico-chemical characteristics of the untreatadtewater.
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Adsorption of PFOS by Biosolids:PFOS was shown to adsorb readily to
anaerobic wastewater treatment sludge. GAC was efteetive at very low equilibrium
PFOS concentrations in the aqueous solution, whebedh sludge and GAC were
relatively comparable at high equilibrium concetitmas. These findings indicate that
partial removal of PFOS by sorption to biomass &hdie expected during biological
treatment of semiconductor wastewaters.

Industrial Interactions and Technology Transfer:
» Walter Worth, Sematech
« Tim Yeakley Texas Instruments

ESH Impact:
This research considers different treatment optitmsreduce environmental

releases of PFOS. Development of feasible abatetaeninologies to remove PFOS and
related perfluoroalkyl surfactants (PFAS) from edfht streams would eliminate the main
ESH concern associated with the use of PFAS ingamductor manufacturing.

Publications:
* Ochoa, V. L. 2006. Removal of perfluorooctane sudfe (PFOS) by sorption
onto activated carbon and onto wastewater treatrsieiige. August 2006.
Environmental Engineering MS report. UniversityAsfzona.

Disclosures and Patents:
* Biomimetic degradation of perfluorinated and higfilyorinated organic
compounds.
R. Sierra-Alvarez.

Next-Year Plan:
* This was a one-year project. A follow-up projatet “Task ID: 425.015 -
Reductive Dehalogenation of Perfluoroalkyl Surfatsain Semiconductor
Effluents was selected by ERC/SRC for core funding in tper& 2006.
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