Task 1D: 425.023

Project title:
Environmental Safety and Health (ESH) Impacts oeEgimg Nanoparticles and Byproducts

from Semiconductor Manufacturing - Preparation @hdracterization of Nanoparticles

Deliverable:
Report on the results on physicochemical and sertaaracteristics of Phase 1 NPs relevant
to toxicity assessment

Background:
Numerous reports published in recent years indigageowing concern for the potential toxicity

of engineered nanomaterials (Balbus et al. 2007eNal. 2006; Handy & Shaw, 2007). Toxicity
research is a high priority for the semiconductmuistry due to the fact that some nanoparticles
(e.g. chemo-mechanical planarization (CMP) slurry pést are currently used in
semiconductor manufacturing, and various new naeds materials (nanowires, carbon
nanotubes, immersion lithography nanoparticles) d@ing considered for upcoming
manufacturing processes. Predicting the poterdidtity of emerging nanoparticles (NPs) will
require hypothesis-driven research that elucidams physicochemical parameters influence
toxic effects on biological systems. Of particudancern are NPs of less than Qrh that would
escape normal mechanisms of cellular defense (Gw&inrfallyathan, 2006; Stern & McNeill,
2008). The intrinsic capacity of NPs to penetrai@ogical tissue may in itself not be the
primary cause of toxicity; rather surface propert@ef NPs may accentuate (or minimize)
toxicity. These include high specific surface ameactive surfaces, and adsorptive surfaces for
other toxic chemicals. Contaminants can also actatein NPs via nano-capillary condensation
(Kelvin effect) in the particle pores. NPs havewaigh surface curvatures, engendering high
surface tensions and energies that might have engfiects on living cells. Reactive radical
species can have prolonged lifetimes when sorbéal [dRs. There is a growing consensus that
reactive oxygen species (ROS, composed primarilyydfoxyl radicals, hydrogen peroxide and
superoxide) are a major contributing factor of MRidity (Gwinn & Vallyathan, 2006; Limbach

et al., 2007). ROS are normally produced in andiradiving tissues; however, overproduction
can lead to cell toxicity and loss of cell anddissunction.

Objective and key findings:
The goal of this project is to characterize theeptal toxicity of current and future NPs and NP-
byproducts of SC manufacturing. The information |wile used to develop mechanistic




hypotheses that will be applied to developing rapiicity assessment protocols applicable in
the industrial workplace, as well as to predictitte ESH impacts of NPs based on
physicochemical properties. Our hypothesis is thatsize and size distribution of nanoparticles
intrinsically makes them more adsorptive to exteah@micals, and these surface molecules can
contribute to the observed toxic effects of nanbglas on cells.

The objective of this task is to investigate thggtochemical and surface characteristics
of Phase 1 NPs relevant to toxicity assessment.

Preliminary results confirmed that contaminant mét by the selected inorganic oxide
NPs is compound dependent. The retention affinitthe NPs decreased in the order: ¢eO
Al,03; > HfO,. Adsorption on Ce@of the test compound considered,{Hseems to be due to
strong chemisorption. In agreement with literatfinelings, the retention of contaminants on
NPs was shown to be size dependent, as indicatéidebyncreased retention observed for HfO
nanoparticles with decreasing particle size. Theselts indicate that small particles have a high
capacity for adsorption and retention of secondasgtaminants. Furthermore, positive and
negative SIMS spectra were shown to provide a piolveool to identify NP impurities
including metals from fabrication and organics framdentified sources.

Additional work focusing on the stability of NP deyrsions in various biological media
commonly utilized in toxicity testing confirmed sifjcant NP aggregation. Polyacrylate
dispersants were shown to be effective in miningziP aggregation in biological media at
concentrations sufficiently low to avoid biologigahibition.

Method of Approach

The nanomaterials selected for study have beesifitasin two categories, namely, Phase | NPs
and Phase Il NPs. The project will initially foces hafnium dioxide (Hf@ NPs used in
immersion photolithography, and silicon dioxide @i NPs utilized as abrasives in CMP
slurries Phase 1 NPs). Subsequently, the focus will be on other type€bfP-related primary
and secondary NP&€. cerium dioxide (Ceg) and alumina (AlO3)) (Phase 2 NPs).

SiO,, CeQ and AbO3; NPs in various sizes have been obtained from cauoiatesources.
HfO, (100 nm) was also obtained from a chemical supphAdditional nano-sized HfQwith
lower average particle size were supplied by then€bUniversity via a Sematech agreement.
Selected physicochemical and surface characteristithese nano-sized inorganic oxides were
investigated using a variety of techniques inclgdin

* Analysis of surface chemistry by secondary ion nsgextrometry (SIMS).

» Determination of specific area, active site densiyd surface energetics for selective



adsorption to assess the NP surface ability toemnate and retain bulk contaminants.

Transmission- and scanning electron microscopy (TBMI SEM) to characterize
nanoparticle morphology and particle size in drgditons.

Particle size distribution in aqueous media usiygathic light scattering detection
(DLS).

Measurement of Zeta potential as an index of Npedgon stability.



Technical Results and Data:

The Figure below is a comparison of the dynamicsuoface cleaning for H) Si0,, and CeQ
The cleaning is measured by monitoring the desampdif moisture from the surface and clean
up of the occupied sites. The results show th&;Hurface is the easiest to clean and £eO
surface is the most difficult one for surface siwaning.

s Experimental data using moisture adsorption on 100 nm NPs
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The results also indicate that the adsorption agsbightion of contaminants are particle size
dependent. Using moisture adsorption as an inmticaft the strength of the surface sites and
their adsorption tendency, the results in the Fadaelow show that HfQparticles with average
size of 20 nm clean much more slowly than thoséhenparticles with the average particle size
of 100 nm. This indicates that nano-particles awe$ are more active and harder to de-
contaminate.
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Surface Characterization by SIMS. Characterization of surface chemistry by SIMS Ted#s
undertaken at the University of Washington. Posiawmnd negative SIMS spectra were shown to
provide a powerful tool to identify NP impuritiescluding metals from fabrication and organics
from unidentified sources. As an example, SIMS wdilized to investigate the surface
composition of four different batches of HfGncluding a micron-sized sample and three
additional samples of nano-sized Hf@rying in average particle size (Table 1). Hurtaacity

as well as ecotoxicity studies indicated that oohe of the four Hf@ samples (NP1) was
inhibitory and that toxic effect of that HfGsample could not be correlated with particle size.
Interestingly, SIMS analysis studies showed seviengurities in the toxic Hf@ sample (e.g.
bromine containing residue) that were absent imthetoxic samples.

Table 1. Impurities detected in HfDsamples obtained from various suppliers using SIMS
ToF. Note: “+” represents presence of listed fragimeé'++” and “+++” are used to indicate
relative amounts of listed fragments within row arahnot be used to compare rows one to

another.
mass [»] Ref NP1 NP2 NP3
Micron | 20 nm 1-2 nm 100 nm

27 Al + + +
28 CH,N + ++ ++
30 CH,N + + +
40 Ca ++ +
45 C,H,O ++ ++ +
46 C,HO + + +
52 C,H.N + +
55 Fe + +
58 Ni +

78 C,Hs0; +

90 Zr ++ + +
118  C.H,,NO, + + +
135 C.H.,O ++ ++ +
161 CHHHO ++ +++ +

Future studies will evaluate the toxic effecf the materials selected with and without
surface contamination by Cu and organics typicatsent in the CMP and post-CMP cleaning
processes. Copper is highly inhibitory to many mdcganisms and higher aquatic organisms
(Gerhardt et al. 1993; Roesijadi, 1992), but thetahdisplays low toxicity against human cells.



Therefore, arsenic will also be used as a modefacoinant of CMP nanoparticles. The results
will be on interest to SRC companies because gallwsenic alloys are being considered for
introduction in semiconductor manufacturing. Plazetion of GaAs should be expected to lead
to interactions between arsenic and abrasive NB®iCMP slurries.

Dispersion of NPs in biological media utilized for toxicity testing is very challengini&ager et
al. 200; Schulze et al. 2008). Our results cordarthat the Cenanoparticles (average particle
size determined by TEM= 20 nm) underwent very g$igamnt aggregation in two media
commonly used in toxicity tests with human celldfddhondrial Toxicity Test (MTT) medium
and Hank's Buffered Salt Solution (HBSS) (Figure 1)

Testing the impact of material size on toxicitylwéquire effective dispersion of the NP
in the aqueous media. This project will investigeaeious methods to functionalize NP surfaces
using biocompatible ligands in order to promote #hability of NP dispersions and prevent
aggregation. Initial studies will consider surfamedification by poly-acrylates, thiol-terminated
polyethylene glycols (PEGs), and amino acids sichysine. Preliminary results confirm that
polyacrylates are very effective in minimizing NRygeegation in biological media at
concentrations which are sufficiently low to avditblogical inhibition. Lysine was also an
effective dispersant in tests with HfO
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Fig. 1. Average particle size distribution of Hf@anopatrticles in various biological media in
the presence and absence of a polyacrylate dispieMaT= Biological medium used in the
Mitochondrial Toxicity Test. HBSS#ank's Buffered Salt Solution used to culture human
cells in various toxicity tests.



NP size fractionation. Both NP size and NP surface contaminants have bgeothesized to
contribute to the toxic effects of NPBesting the impact of particle size on NP toxiciguires
the use of NPs with similar surface chemistry. hdles to minimize variations in surface
chemistry, commercial inorganic oxide samples weaetionated by ultra-centrifugation. This
approach proved successful in the separation of, Galdsamples of with a narrow particle size

distribution (Figure 2).
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Fig. 2. Size fractionatiorCe(Q, nanoparticles by centrifugation (4500 rpm, 20 min)
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