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I TNTRODUCTTION

The Katienal Institute for Occupational Safety and Health (NIOSH) 1s the
primary federal agency engaged in cccupaticnal safety and health research
Located 1n the Department of Health and Human Services (formexrly DHEW), it was
established by the Cceupational Safety and Health Act of 1970 This
legislation mandated NICSH to conduct a nuwker of research and education
Programs separate from the standard setting and enforcement functions carried
out by the Oecupatienal Safety and Health Administration (OSHA) in the
Department of Labhar An weportant area of NIOSH research deals with methods
for controlling occupational exposure to petential chemical and physical
hazards  The Engineering Control Technology Branch {(ECTB) of the Division of
Physical Sciences and Engineering has been given the lgad within NIOSH Lo study
the engineering aspects of hralth hazard preventien and controel

Since 1976, ECTB has conducted a number of assessments of health hazard control
technolegy on the basis of industry, common industrial process, of specifie
control techniques  FExamples of thece completed studies include the foundry
industry, metal plating and spray painting operations, and HEPA-filtered vacuum
criclosures used 1n the servicing of asbestos-type brakes The objective of
each of these studies has been to document and evaluate cffective control
techniques for potential health hazards 1n the i1ndustry or prucess of 1nterest,
and to create a more general awareness of the need for or availabilaty of an
effective syetem of hazard control measutres

These studies invelve a number of steps or phases  Tnitially, a series of
wall-through surveys 1s conducted to select plants or processes with cffective
and potentially transferable centrol comcepts or techniques  In-depth surveys
are then cenducted to determine both the control parameters and the
effectiveness ol these controls  The reports from these 1n-depth surveys are
uced as a basis for preparing technical reports and journal articles on
effective hazard control measures  Ultimately, the information from these
research activities contribute to the data base of publicly available
information on hazard control techmigques for use by health professionals vwho
are responsible for preventing occupatienal 1llness and i1njury

This research study of control technolegy for gallium arsenide processing was
prompted by a prewing interest in gilicen alternatives for the semiconductor
industry  For vears, silicon had been the primary semiconductor material for
intcegrated civcults Rowever, demands for higher speed devices for
communication and military purpeses led te a surge 1n the development and use
of gallium arsenide technalogy Gallium arsenide provides higher electron
speeds, lower power consumption, and higher radiation resistivity than
silicon  Because of the 1increased demands for gellium arsenide, 1t will be
useful to know 1f different or additional hazard controls are needed in
comparison Lo silicon-based processes For 1nstance, arsenlic 1s considered to
be a human carcinogen It 15 used a5 a raw material 1 the gallium arsenide
productiofl process and, therefare, gallium arsentde workers may he directly
exposed to 1t  Arsenic also may disscclate from inhaled gallium arsenide
within the body



II FLANT AND PROCLESS DESCRIPTION
FACILITY DESCRIPTION

M/A-COM produces gallium arsenide wafers, field-effect transistors, and
monalithie microwave integrated circuits They grow gallium arsenide crystals
by the Liquid Encapsulated Czochralsk: (LEC) technique  The floor plans of the
process arcas ¢valuated in the NIOSIH in-depth survey study are presented in
Figures 1 and 2 M/A-COM constructed this building specifically for gallium
arsenide production which began 1n 1984 At the time of the study, there were
approximately 160 workers

PROCESS BESCRIPTIGN
Process Flow

For the LEC crystal growth process, the gallium and arsenic are loaded into &
pyrolytic boran nitride crucible which 1s centained within a nitrogen-purged
contrel hox  The cruecible 15 carried te the crystal puller and placed in the
crucible wall support The gallium and arsente are melted at high temperature
and high pressure in the presence of boron oxide  The boron oxide fleoats on
the melt and serves a2 a liquid encapsulant te prevent the arsenic from
escaping The melt chamber 1s pressurized with argon A sced crystal 1s
lowered 1nto the melt 1n the ecrystal puller and the desired gallium arscnide
crystal 1nget 1s grown  The LEC technique produces undoped, semi-insulating
gallium arsenide ingots

The crystal orientation of the ingot 1s established and then ons side of the
ingot 15 ground flat on a surface grinding machine to mark this orientation
The gallium arsenide wafers are slowly sliced from the inget using automated
cAWE The waste (consicting of butts, cones, and slurries) 1s recovercd and
sold to gallium producers for reclamation of the galliuwm  Finally, the wafers
are lapped toe uniform thickness, polished, and cleaned Other processing steps
include epltaxial growth, i1on implantation, phetelitchoegraphy, etehing,
metallization, watfer thinning, wafer scribing, and packaging

In order to achiewve the desired electrical properties, M/A-COM employs the
vapor_phase epitaxial process to grow thin layers of gallium arsenide on top of
the wafers Arsenle trichloride, the arsenic source, 12 received 1n scaled
glass awpoules packed 1n diatomaceous earth  About once every two months, the
arsenic trichloride 1s added to the epitaxial reactor which 1s enclosed
entirely 1n an exhausted hood During eoperation, hydrogen and silane gas
dopant are metered into the epiritaxial reactor A portien of the hydrogen is
directed over the arsenic trichloride ligquid to entrain 1t inte the reactor as
a vapar 1n the hydrogen gas The reaction chamber 1s surrounded by a furnace
which heats the arsenic trichloride, a polycrystalline gallium arsenide securce,
and the gallium arsenide wafers In the presence of hydrogen, the arsenic
trichloride reacts with the polyerystalline gallium arsenide source to produce
the wolatile species of gallium chloride, arsenic (IV), hydrogen chloride, and
smaller quancities of gallium trichloride and arsenic {II) The gallium
chloride and the arsenic {IV) then react at the surface ef the gallium arssnide
wafer depesiting gallium arsenide 1n & crystalline form The excess Eases are
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condensed and the residual hydrogen 1s burned cff as the gases exit the
reaction chamber into an exhauvsted hood

The 2on implantation process deposits dopants into a gallium arsenide wafer
The dopants are lonized by electrical discharge and accelerated by passing
through an electric field The beam of 1ons, focused on the target wafer,
strikes the wafer and i1ons arc embedded at various depths depending upon theix
acceleration S1licon tetrafluoride 1s the gaseous dopant usecd at M/A-COM

The doped wafers are annealed by hsating them in & dilute arsenle atmospherc
furnace to relieve implantation-induced stress in the crystal lattice

Photolithoprephic processes are used to transfer circuit patterns on a
photographic negative (mask) te the surface of the wafer Wet etehing 1s also
performed using hydrochlorie or nitcrie acids and small amcunts of hydrogen
peroxide For the metallization process, conductlive wetals such as gold,
titanium, or platinum are deposited on the wafer in a vacuunm  The deposited
meatal links the eitcuits on the wafer teogether in ardsr for them to be
functional The wafers ara then thimmed and, finally, scribed to separate the
1ndividual devices on the wafer

LEC Cleaning

The cleaning of the crystal puller 1s an integral part of Lhie TEC precess  The
crystal pullers are cleanaed following cach production run by one or mors of the
LEC oparators on duty  The operator dons a North or other bhirand full-face
alr-purifying resplratoxr containing a NIOSH-approved HEPA falter, organic vapor
comblnation cartridge The operator also wears a dispasable Tyvek®

coverall with bootlets, head covering, safety glasses, and rubber gloves while
cleaning  All internal surfaces ¢f the puller are wvacuumed with a
HEPA-filtered vacuum cleaner and then scrubbed with a Scotch Brite®

¢leaning pad and 1sepropyl alcohol This entire cleaning proccdure 15
approximately a two-hour operation, performed two times per week

To clean the puller, a cart holding tools, towels, Kim Wipes®, and

1sopropyl alechol 1s rolled into the LEC puller reem  The puller is complotely
disassembled Beolts are removed with an air-powered wrench and the battom
section af the puller 1s lowared A Nilfisk HEPA-filtered wacuum cleaner
(Model No GSO0115) 12 used to clesn the lower section of the puller and the
bottom of the upper cavity  The graphite insulation 15 removed and cleaned
with towels and i1soprepyl aleohol Each graphite piece 18 scrubbed with a pad
containing a very fine abrasive and vacuwumed (HEFPA) The graphite liners are
then placed 1n the ventilated contamination c¢ontrel hox shown in Figure 3

(The control box, originally lecated on a table where 1t would get dirty during
cleaning, was moved to a wall )

The clesning operator loesens the helts te the heacer, scrubs each beolt, and
places them 1n the contrel hox  He scrubs the heater with Norton® pads,
wlpes each part with Kim Wipes®, and places the parts in the contral bex

The Kim Wipes® and pads are placed into a hazardous wastc bag for

compaction
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Plexiglass Contamination Control Box

Fagure 3, Ventilated Contamination Control Box Loeated in each LEC Puller Room.



The operator proceeds to clean the 1nside walls ef the stainless steel pullex
uzing the pads, then vacuums the puller base, disassembles small parts of the
puller base, raises the base, fastens the bolts on the base, unscrews the bolts
on the top, end lowers the base He wacuums and scrubs the seed holder and the
lnterior of the middle sleeve  The optilcal quartz lens 12 removed and taken to
the laboratory  The top of the puller 1s disassembled and the parts of the
pullar top that are net removed are vacuumed, scrubbed, and wiped The
operator leaves the puller room and amanipulates the puller rods from the
control panel To prevent contamination of the controel area, the operator
either puts a clean palr of gloves on over the old gloves or removes and
disposes of his gloves as he exits the puller recom  The coperatar returns (with
a new palt of gloves 1f nceded) and finishes secrubbing and wiping the puller
interior  The puller 15 reassembled The O-rings are greased and installed 1in
the puller (I'he operator removes the ploves to apply the presse ) The
puller, which 1s on & hydraulie lift, 1s raised at the end of cleaning to the
cperating height  After cleanming, the LEC crystal puller 13 baked-out

Process Rooms

Each crystal puller at M/A-COM 1s located 1n 1ts own room (see Figure 1) which

1s undey mnegatlve pressure with respect to the control panel area Clean HEPA

filtered alr is provided to the control area and i1s pulled through the ecrystal

growth room doors and exhausted  The air 1s changed in both areas at a rate of
1 B sa1r changes per minute

A Plexiglas® contamination control box with a nitrogen purge 1s employed at
M/A-COM as a crucible leading station in the LEC area  The gallium and arsenic
are loaded 1into a crucible located within the glove bex A hazardous waste
barrel 1s provided underncath the glove box for accidental arsenic spills

Alsp 1n the 1EC productlon area are wet chemlcal statiens eguipped with exhaust
hoods

In the LEC process at M/A-COM, cleaning the crystal puller presented the area
of groatest rigk to the worker and showed the hipghest arseniec exposures
Therefore, an air shower system was designed and installed above the crystal
puller to reduce arszcnic levcls Company staff state that the air shower
system 15 designed to move air down over the puller at a rate of 100 feet per
minute The worker stands on a grate directly undernsath the air shower system
while cleaning the puller M/A-COM designed and installed this air shower
system to reduce the arsemic expeosure levels during cleaming M/A-COM has
designated the crystal pulling rooms as a regulated area under CFR 1210 1018

M/A-COM also follows specific housekeeping gutdelines Mops and paills are not
allowed to leave the regulated crystal pulling area  In addition, the walls
and columns 1n the crystal pulling and epitaxy rooms are vacuumed once a month

The surface (flat) grinding machine 1s provided with an enclosed, wet,
recirculatleon systam with a settling tank  Thils system 1§ vented to wet,
packed scrubbers on the rosf The automated saws are partially enclesed and
alse vented co scrubbers con the roof



The epitaxial growth operation 1s conducted in a clean room designed as (Class
10,000, however, M/A-COM actually operates the clean rooms as Class 1,000 411
of the epitaxial growth process takes place in an encleged ventilation heed
The air 1n the epitarial control reoem 1s changed &t a rate of 1 3 air changes
per minute, by the means of a once through air supply system  The primary
purpose of the ¢lcan room 1s to prevent cantamination of the wafers

Both the crystal pulling area and the epltaxy lahoratory are equipped with an
emergency exhaust system, which the operator can activate at any time by
pushing a red panic button

While 11t use, arsine {10 3% concentration) and silane (1,000 ppm) gases are
stored 1n cabinets equipped with a sprinkler system and ventilated at a race of
150 cuble feet per minute Al11 welded stainless steel limes arc used from
enclosure to enclosure for the transpertation eof these toxic and flammshle
paces

A litmug indicator 1s used on the sealed arsenic trichloride ampoules for the
purpose of indicating ampoule leakage or breakage

The labs have sgeparate drains for solvent and acid/caustic wastes  The
ac1d/caustic wastes are neutralized i1n an industrial waste treatment system
The sclvent wastes are piped to a 1,500-gallon solvent waste storage Lank
This system reduces the opportunity for chemicals to be accidentally poured
imte the sanitary sewers

EVALUATION CRITERIA

Chrenic eXposure Lo arsenlc may cause malailse, fatigue, peripheral neurcpathy,
and perforabkion of the nasal T?ptum Arsenic 1s algo suspeeted of cauging slmn
and respiratory tract cancer J Stringent comtrole are required o assure
that c¥posurey to arseplc are less than the ecurrent 05HA permissible exposure
limit (PEL) of 18 pg/m~, the CSHA action level Dg 5 pg/mg, and the

KI0SIl recemmendesd exposure limit (REL) of 2 ug/m The plant must

establish regulated areas where i1morganic arsenlc exposuras exceed the PEL
These regulated areas must be demarcated and segregated from the rest of the
workplace, access must be %imltEd te authorized persons, and appropriate
Lesplrators must be Worm [

The OSHA FEL for arsjge is 200 ug/m>, the NIOSH REL 1s 2 mg/m°, the

same as for arsenic : Arsine 1s an cxtremely toxic gas that can produce
massive hemolysis and renal failure, and exposures as low as 10 ppm have caused
coma and death Early effects from an e?g?surc are characterized by giddiness,
headache, shivering, and abdaminal pain : ?r51ne has a slight garlic odor
which 1s only detectable above safe levels

AT M/A-COM, some of the splvents and gases usaed include methanol, fluorccarbon
compounds, sllane, and a very small amount of trichlercethylene (TCK) in the
wafer manufacturing process  Methanol c¢an cause opTie nerve damage and
blindness  Howewver, these symptoms occcur principally after oral-ingestion of
methanol and rarely after 1pmhalatiom Fluavrocarbon compounds can produce mild
irritation to the upper respiratory tract Mi1ld central nerveus system



depression may also occur in cases of exposure to very high concentrations of
flucrocarbens Stl?ne 15 a pyrophoric gas and therefors presents a fire and
explcsion hazard 4 Acute exposure to TCE depresses the central nervous
systen ?TT preduces such syoptoms as headache, dizziness, fatigus, and

nausea Hydrochloric aml nitrle acids used in etching processes can cause
severe burns to the skin on contact, fumes of these acids can_damage the
resplratary tract The NIOSH REL angd OSHA PEL are 5,000 pg/m3 {(TWa) for

HNO4 The SE% for HC1 1s 7,000 pg/m” (Ll5-minute ceiling), there 1s no

NIOSH REL [4:7]

III  METHODOLOGY
Ai1r Sampling and Analysis

Personal and area samples for arsenic and gallium were collected on 37 mm
diameter cellulese ester, I 8 um pore slze f1lters Prior to the conduct
of the survey, the filters were pretreated with a sodium catbenate/glycerocl
selution and dried by drawing a sufficient volume of air through them to
minimize the 1nitial pressure drop

Two types sampling trains were used for the collection of arsenic and gallium,
as described 1n Table 1 One consisted simply of a treated filter and a DuPont
P-4000 pump operated at a I[low rate of approximately 1 5 liters per minute
(Lpm) Tha other consisted of a treated filter i1n seriles with a charcoal tube
and a2 DuPont P-2500 pump operated at a flow rats of approximately O 5 Lpm

This latter was employed because in the presence of heated arsenic sources,
arsenic trioxlde vapors or volatilized arsenical materials may be present in
the air  Vapors may pass through conventional filters, hence, monitoring with
crily the filter could underestimate the total arsenle expoSures The chareccal
tuhes consisted of 400 mg of activated coconui-based charceal in the maln
section and 200 mg of activated charcoal in the backup scctien A larger

(400 mg/200 mg) charcoal tube was used %nstead of the 100 mg/50 wg charcoal
tube provided for in NIQSH Method 600L[%] 10 order to allow the 0 & Lpm flow
rate For personal samples, the charconal tube was placed in a sorbent tube
holder 1n series with a treatred filtrer The fube holders werce pretested for
lcaks prior to the conduct of the survey

arsine vapers were collected using the same sampling trawn at 8 flow rate of
approximately 0 1 Lpm using DuPont P-200 pumps The prefilter was analyzed for
arsenic and gallium

Sampling duration wag based on the adsorptive capacity of the tubes for the
conkaminant to be sampled Approximate Full-ghift samples were tsken with the
filter cassettes, however, the charcoal tubes were changed every 2 to 3 hours
in order to avoiad breakthrough  During operations that lasted only part of the
shift, such &8 annesling, shorter (2- to f-hour) samples were taken
sddirienally, short-term campling for arsenic and gallium was performed
specirfically for the duration ¢f the LEC cleaning operation

Alr sampling was also perfermed for various acids Mineral acid adsorption
tubes (400 mg/200 mg) wire used to sample far nitriec and hydrochleoric acids
with DuPont P-2500 pumps at & flow rate of approximately 0 5 Lpm



Table 1,

Sampling and Analtytical Methods

Flow Rate 6.7
Sample Train (Lpm) Analyte analytical Method(®:7]
Filter 1.5 Arsemic, Gallium Graphite Furnace AA
Aocording to NIOSH
Method 7901
Filter arnd 0.5 Arsenic, Gallium Graphitse Furnace AA
Charcoal Tube {f1lter) according to NIOSH
Arsenic (tube) Method 7901 (filter)
Craphite Furnace BA
Accardang to NIOSH
Method 6001 (tube)
Prefilter and 0.1 Arsenic, Gallium Graphite Furnace AA

Charcoal Tube

(fi1lter)
Arsenic (tube)

accordiry to NIOSH
Method 7901 (filter)
Graphite Furnace AA
According to NIOSH
Method pO01 (tube)
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All filter samples for arsenic and gallium were analyzed by graphite furnace
aEOml???bscrpC1nn spectrophetomecry (AA) 1n accordance with NIGSH Method
7901 The graphite furnace AdA was found to be more appropriate for the
desired sensitivity than the TGP methed for thege metals  For samples analyzed
for arsenmic and gallium, the limit of detection (LOD) ranged frem ¢ 03 to

0 1 pg/filter for arsenic and 0 02 te O 2 pg/filter for pallaium,

depending on the specific analytical batch The limit of gquantitatien (LOG)
ranged from 0 08 te O 32 pg/filcer for arsenic and 0 06 to

0 52 pgs/frlcex fcnf6 allium Charcoal tubes were analyzed for arsenic by
NIOSH Method B001'°- by mecans of graphite furnace aA  The LOD for the
charcoal tubes ranged from 0 02 to 0O 05 ug/tube and t?% LoQ ranged from

0 051 o 0 13 pg/tube for arsenic  NIOSH Methed 7503 I' was employed for
the analysis of the mineral acid tubes The LOD was 1 0 upg/tube for
hydreochloric acid and 0 5 pg/tube for nitric acid The LOQ was

3 & pg/rube for hydrochloric acid and 1 6 ugftube for nitric acid

Wipe Samples

Wipe samples were also taken to measure arsenlc surface contaminallon Wearing
peilvathylens gloves, an investlgator removed a Whatman 42, 7 em (1 8-ineh)
diameter filter from the box The fi1lter was moirstened with 0 4 mllliliters of
triple distilled deionilzed water using & pipette  Areas of 100 em” were

wiped with the moistened filtex Plexiglas® templates or masking tape were
employed to delineate the areas The filter was folded 1n half with the
exposed side 1n and folded again to form a 90° angle 1n the center of the
filcer It was placed, angle first, i1n a elean glass vial and capped for
submission to the laboratory In order to determinz the degree of variability
1n a measurement, side-by-side replicate wipe =amples were taken for several of
the i1nitial wipes In addition, for sewveral samples, the zame area was rewiped
with ancther filter paper in order to determine a ¢ollection efficiency

Wipe samples were collected in the LEC and grinding/sawing areas These
samp1?§ were analyzed by graphite furnace AA 1n accoerdance with NIOSH Method
7901 J' The LOD for arsenic was 0 08 pg/filter and the LOQ was

0 25 pg/filter

QBRSERVATIONS

During the sampling survey, effective work practices and use of persanal
protective equipment were documented, especlally during the LEC cleaning
Ventilatilon measurements were taken using elther a Kurz or s TSI hot-wire
anemcmeter

v CONTROL TECHEOLOGY

PRINCIPLES OF CONTROL

Qeocupational exposures can be controlled by the application of a number of
well-known principles including englneering measures, work practices, personal
protection, and monitoring These prineciples may be applied proximate to the
hazard source, to the gereral workplace environment, or at the point of
cccupational exposure to tndividusals Controls applied at the source of the
hazard, including engineering measuares {material substitution, process and
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cquipment modification, isolation or automation, local ventilation} and work
practices, are gencrally the preferred and most effective means of control,
both in terms ef occupational and envirommental concerns  Controls which may
be applied to hazards that have escaped inte the workplace environment include
dilution ventilation, dust suppression, and howsekeeping Control measures may
also be applied near individual workers, including the use of remote control
reomns, 1solatien booths, supplied-air cabs, work practices, and personal
protectlve equlpment

In general, a syatem comprised of the sbove control measurcs is required to
provide worker protection under normal operating conditions as well as under
conditions of precess upset, failure, and/or mainltenance Process and
vorkplace menltoaring devices, perscnal exposure momitoring, and medical
monitoring are lmportant mechanisms for providing feedback concerning
effectiveness af the controls 1n use Ongoing monitoring and mailntenance of
controls ko ensure proper use and operating conditions, and the education and
commitment of both workers and management to occcupational health are also
important ingredients of an effeclive control system

These principles of control apply to all situations, hut Cheir optimum
application varies from case to cise  The application of thess prainciples are
discussed below

RESULTS /DISCUSSICH

The parameters and analytical results of individual samples are shown in the
appendices to this report

Arsenic Alr Samples

Analytical regults for argenic on 23 field blanks were all less than the LOQ
and 21 were less than the LOD  Similar analyses performed on 13 charcoal tube
field blanks were all below the LOD Tharefore, no hlank corrections were made
to the analytical results of samples collected on either the filters ar the
charcoal tubes

Results of personal sampling for arsenic for four gallium arsenide processes
are presented i1n Table Za These inciude LEC, LEG cleaning, grinding/sawing,
and epltaxy The arithmetic and geometric mean arsenlc concentratiens in LEC,
grinding/sawing, and epitaxy are cugpared in Figure 4  The average exposure
during the LEC process was G 9 ug/m” except during cleanlrg Four of the

five samples were taken on the same day shift opevator during four days of
sampling  Arsenlc exposurées_during LEC cleaning averaged 426 pp/m” and
ranged from 125 to 1030 pg/m A typical LEC puller c¢leaning took 2 ta 3
hours  Three workers were sampled over two days during LEC puller cleaning
One worker, who was sampled on two different days, had an average personal
exposure concentration to arsenic of 150 pg/m™, a seecond worksr had a
personal exposure conc%ntratlcn of 380 pg/m”, but a third worker had an
exposure of 1,030 wg/m Either individual work practices or Che

particular puller cleaned may have contributed te this seven-fold difference 1in
personal sample concentrations 4 full face (organic vapor/toxic particulacte,
dual cartridge} arr-purilying respirator was worn during LEC cleaning

12



Table 2a. Personal Exposures to Tobtal Arsenic by Process
Arsenlc Conocentration*
Average
MNumber |Sampie Arithmetic Garmetric
cf Daration Mean Mean R.amg%

Area Worked Samples| (min) (ug/m) (ug/me) (ugy/m* }
IEC 5 425 .9 0.6 0.2 - 2.1
IFC cleanimng 4 177 426 304 125 - 1030
Grinding/Sawlng 3 155 1.6 1.5 1.0 = 2.6
Eprtasy/Anneal 11y 4 299 < 2.4 < 2.3 <1,7 = <3.4
OSHA PEL 10 ug/m
OSHA Action Ievel 5 ug,.-"m3
NIOSH REL 2 uay/m’

Sum of arsenic collected on filter and charcoal tubes.

Table 2b. Perscnal Exposures to Total Arsenic by Process
Ar=enic Concentration®
Average
Murber |Sample Arithmetic Geometric
of Duraticn Mean Mean Rang%

Area Worked Samples| (min) (ugfm3) (ug/ms) (ug/m™)
LEC O
IEC cleaning D
Grinding/Sawing 1 141 4.4 4.4
Ton Tmplantation 4 248 <0.1 <0.1 <0.1 - <0.2
OSHA FEL 10 ug/m-
OSHA Action Level 5 ugfm3
NIOSE REL 2 ug/m°

Arsanic collected on filters only.

13




¥ AINATH

VIdVv SS1D0dd
THY HSOIN MVS/ANTED JH1

7 . 00
\ \ \\ G0
\ . 9'0 0T
N N 60

\ : A
ST 97 oz
07 .
NVIW OIHIAWOTS 1 - 0°¢

NVIN OIIAWHIINY 72

- G°¢
(A" 1D/50) NOLLVIINAINOD JINASAV

SHANSOAXH IJINASIV
NVIIN JI4LHINOAD SA DITHINHIIAV



In the grinding/sawing area, arsenlc exXposutres averaged 1 & pgfma and
ranged from 1 0 to 2 6 pg/m” (Table 2a) A single personal sample for
arsenic, collected on a grinding/zawing operater using a filter without a
charcoal tube, was 4 4 pg/m” as shown in Table 2b Thus, the overall
arithmetic mean exposure for personal samples 1in §r1nd1ng/5aw1ng, callected
using both types of sampling trains, was 2 3 upg/m

All of the personal samples for vapor phase arsgnlc collected 1n the epirtaxial
area wore below the LOD which averaged 2 4 pg/m These results indicate

that the current controls for arsine/arsenic 1n epliaxy most likely prevent
routine exposure to dairborne arsenic and arsine Perscnal samples for arsenic
collected on the operator for the 1on 1mplantation process using a filter only
gsampling train were all below the 10D which ranged frem 0 1 to O 2 pg/m

{Table 2h) This worker also spent considerable time in the epitaxy area which
Ls across the hall from the 1on implantacion process, but within the main clean
room Zone

Only during LEC cleaning were time-welghted average (IWA)} personal arsenic
expusures zbove the NIOSH REL of 2 pgfm3 and above the CGSHA action level

of 3 0 pg/m”, as shown i1n Table Z2a Alcthough respirators are worn during

LEC cleaning, prudent practice indicates that efforts should alsoe be made to
1mprove englneering controls and work practices during this activity In the
grinding/sawing area, twe of four persenal samples were above the NIOSH REL,
but all were less than the OSHA action level — Because several samples showed
arsenic levels above the FIOSH REL, additional meonitoring for arsenic 11
recommended 1n the sawing/grinding area

Samples in the LEC during routine operation and 1n epltaxy were collected for
almost a full shift (5 to 7 hours), however, sampling times during LEC cleaning
and 1n grinding/sawlng were generally under 3 heours Cleaning an LEC puller
requires about 3 hours, 1n grinding/sawing, workers were sampled for only a
half day on the first day and were willing to wear the sampler only for
halt-days during the remainder of the survey

Area arsenic lewvels for each process area studied are =hown in Tables 3a

and b  The former shows results for samples collected using a filrer followed
by a charcoal tube, and the latter are filter only sample results Figure 5
compares average personal arsenie concentrablans (filter plus tube samples)
with average area concentrations {(filter plus tube samples} fer the LEC,
grinding/sawing, and epliaxy process arpas as wWell as background arsenic
concentrations taken in halls/offices away from the process areas Pergonal
concentrations were a little higher than area arsenlc concentrations, however,
it eprtaxy the difference 1in average arsenic concentrattons was due £6 a higher
limt of detection for parsonal sarples than for areaz samples

Arlthm&tic means eof arsenlc sampl% concentraticons in the LEC puller rooms were
0 3 pg/m” {Table 3a) and 0 2 ug/m” (Table 3b) indicating very low

emrssions of avsenic during routine LEC cperation  All arsenic concentrations
at the 1LEC coutrol panels, which are louateg Just outside the pullet ¥ooms,
were below the %DD, which averaped 0 3 up/m~ (Table 3z}, and below the

LoD of 0 1 pp/m™ for the filter enly samples (Teble jb)  Arsemic
concentration 1n the LEC load room averaged 0 Y ug/m” (Table 2}a) and
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Table 3a. Area Sample Total Arsenic Concentrations by Process

Arsenic Concentration®
Average
Humber | Sample Arithmetic Geometric
of Duration Mean3 Mean Rang?

Area Worked Samples) (min) (ag/m ) [ug,-’mB) (ug,/m”)
ILEC

Fullers 13 412 0.3 a.3 0.1 - 0.5

Control Fanel 4 422 <0.3 <0.3 <0.3 — <0.4

Toad Room 2 176 .9 0.9 a,.v — 1.1
IEC Clearmirng

Pullers 4 186 [12] 5l 26 - 107

Contrel Panel 3 202 <0 3 <0.7 <04 - <1.2
Grinding/Sawlng 4 392 1.1 1.0 <0.4 - 128
Epitaxy annealing] 11 346 <1.1 <0,8 <0.2 - <2.6
Hall between 2 411 <1.6 <l.6& <1.5 = <1.6
gowWnirg and

Clean rooms
Hall /office 4 398 0.4 0.4 <D.4 — (.6
across from IEC

* Sum of arsenic ¢ollected on filter and charcoal tubes.
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Table 3b.

Area Sample Total Arsenlc Concentrations by Process

Arsenic Concentration®
Average
Mumber |Sample Arithmetic Gecmetric
of Duration Mean3 Mean Eang%

Area Worked Samples| (min) (ug/m) (ug/m°) {ug/n-)
LEC

Pullers 12 414 Q.2 0.2 0.1 - 0.7
Contrel Panel 4 422 <{d,1 <0.1 <0.1
Load Room 2 176 1.2 1.0 0.7 - 1.6
IEC Cleantng

Pullers 3 198 76 75 61 — 100

Control Panel 3 202 <0.2 <0.,2 <0.3
Hall across 3 211 <0.2 <0.2 0.1 = <0.3

from LEC

Grinding/Sawing 10 316 2.1 0.8 <Q.1 - 7.0
Ep1tasy/Anneal 1ng 1 284 <0.2 <D.2 <0.2

Ion Implantataon 4 324 =0.1 <0D.1 <0.1 — <0.2
HAll/office 8 346 0.2 0.2 <0.1 — 0.4

across from 1IEC

* Arsenic collected on £f1lter only.
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L2 pgﬁm3 (Table 3h) In sampling the LEC cperatron, each filter only
sample was paired with a filter plus charcoal tube sample

Area sample arsenic concentrations i1n the enclosed LEC puller rooms and at the
LEC control panel were slightly lower than the LEC eoperators’ exposure during
routine operation In the LEC load ruom, arca concentrations wWwere comparable
to the LEC operators’ arsenic exposure Area sample arsenic concentratlons 1n
the puller rooms and at the control panel were about the same as levels
measurad in the hall and offices across from the LEC process area The
arithmetic mean a§53nlc concentration in the hall/office %cross from the LEC
area was 0 4 ug/m”’ (filter and tube samples) and 0 2 ug/m~ {filcer

only samples)

Arlthmetﬁc means of arsenic concentratlnnﬁ in the grinding/sawing area were
11 pg/m” {filter plus tube) and 2 1 pg/m” (filter only) Higher

than average concentratlons were found near the operating saws, for example,
two samples taken by operating saws were 4 § and 7 0 ug/m OUn the other
hand, the highest concentrations by the edge beveler and O D pgrinder were O 1
and 1 3 pg/m”, respectively Excluding the edge beveler results, area
arsenic concentratiens were nine times higher on Thursday than Monday of the
surveay, Lndlcatlng a large Varldblllty 1n arcenic emlgslons and the potential
for exposures asbove the CSHA action level of 5 0 ug/m Figura & shows

the average area concentrations were higher for the saws than for the

¢ D grinder and edge beveler Average ares sample concentratlons wele
comparable to personal sample concentrations i1n grinding/sawlig

Area samples of arsenic concentraticns in the gpltaxy and annealing process
were all below the LOD which averaged 1 1 pg/m” (Table 3a) The_ one

filter only sample for arsenic 1n epltaxy was less than 0 2 ug/m The

LoD for arsenic for the area samples cellected in eplt%xy averaged about half
the detection limit for the personal samples (2 4 pg/m™ ) This 1s

because 1n epltaxy all the personal samples were collected at 0 1 Lpm, while
area samples were collected st both 0 1 Lpm and O 5 Lpm

Arsenic area samples collected 1n 1on implantation wete below the LOD which
averaged 0 1 pg/m” (Table 3b), the same as the personal sampling

results  Arscnic was collected on filter only samples in the lon implantation
area

Area arsenle samples collected 1n the hall and offices, 13 to 25 feet from the
LEG and Erlndlng/sawlng process rooms, showed average concentrations of

0 & pg/m’ (two of the four background samples had nondetected amounts of
arsenic) Doors to the LEC and grinding/sawing rooms were kept closed
Because arsenic levels in the LEC and grinding/sawing areas were very low, the
possibility of cross-contamination betwesen productlion and nonpreduction areas
resulting from general airflow patterns could not be ascertained

Area sa@ples colleeted 1n the LEC puller rooms during «leaning averapged

58 pg/m” of arsenic {filter plus tube) and 76 up/m” of arsenic

(filter only) The reduction 1n area arsenic cancontrations between the puller
room and control pancl area during LEC cleaminp was greater than 99 percent
(Figure 7) Arsenic samples at the control pancls during LEC cleaning weie all
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below the LOD, which averaged 0,3 pgfma (friter plus tube), while filter
only samples averaped <Q 2 pgfmg In the hall across from the LEG
process, _arsenlc concentrations were below the LOD which averaged

0 2 pg/m The cleaning aperator ceccaslonally went in and cut of the LEC
puller room during cleaning

Area sample arsenic, ceoncentrations in the puller roems during ¢leaning ranged
from 26 to 107 pg/m” and were generally lower thanm the LEC cleaning
operators’ arsenic cxposures (125 to 1,030 pg/ma) Surprisingly, arsenic
exposures during LEC cleaning are 1nversely correlated to area sample
concentrations for the same pullers For example, the LEC gperator cleaning
puller 87 had a personal sample concentratlgn of 1,030 pp/m” (highest)

and an area sample concentration of 26 pg/m (lowestg? while the operator
cleaning pulley #1 had the lowest exposure 5125 pg/m~) but the highest
sverage area sanmple concentration (104 ug/m”) Possibly, the fipst

worker recelved nearly all his exposure from work practices, such as wiping and
vacuuming techniquas and other Joh tasks, while the latter workers' exposure
appeared to he the result of air levels for arsenic in the puller room
gencrated during LEC cleaning

Sampla results [rom this survey showed that rarely did arsenic pass through the
filrer and collect on the charcoal tube  Arsenic was found on only 4 of the
153 chareeal tubes and ranged from O 022 To 0 13 pgz These samples included

two personal samples in the LEC, one perscnsl sample during LEC cleaning, and
ane area sample 1n the LEC Tun of the tubes were part of a sampling train
which included detectable arsenic on the frlter  The amount of arsenic on the
charcoal tubes for these two zamples represented 0 04 and 1l percent of the
taotal sanple (filter arsenic plus tube arsenic)

drsenic Wipe Samples

Wipe samples for arsenic were collected on various surfaces in the LEC and
grinding/sawing areas These sample results, in micrograns of arsevic per
130 gquare centimeters (pg/l100 cm®), are presented in Table 4 The

highest arsenic lewvels were found on the exhaust duct werk 1n the LEC puller
T ooms 2,800 pgslO0 em Arsenic surface contamination fer all the

cther lecations sampled in the LEC averaged less than L00 upg/100 om

The lowest argenic surface contamination {13 pg/l00 cm®) in the LEC was
measured on the control console, which 1s located outside the puller rooms

In the grinding/sawing area, the arsenic surface contamination found on the
flat grinder was 300 ug/100 cm™, however, this is the result of only one
sample Arﬁenlc on the O D grinder was 66 pg/100 cmz, but only
6 pp/l00 em” on the O D grinder enclosure  Arsenic surface

contamination on a desk used by one of the operators was 33 ug/100 el

Blank wipe =zamples collected at this plant were between the LOD and the LD} and
averaged 0 1 ug
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Table 4. Wipe Sample Results for Arsemc

Arsenic
Number Sample Surface
of Area Contamnation
Drocess Sample Iocation Samples tcmgj (o 100 cmz}
LEC Control conscle for 4 100 i3
1IEC pullers
Shelf next to ventilated 5 100 47
contrel box (puller room)
Top and slde of exhaust 5 100 2,800
duct work (puller rooms)
Floor in front of 1 100 &4
IEC puller (repeat 25)
Top of lecad room dry box 1 100 35
Top of bench 2 10G 84
Grindirgy/ Front of Q.D. grinder 1 100G 5.6
= alge] enclosurs
Front of 0.D. grixer 2 1¢0 66
Flat grinder 1 100 300
Workstaticn near saw 2 100 66
Control panel for saw 1 100 45
{repeat 10)
Top of desk 1 100 23
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Gallium Air Samples

Field hlank results for gallium were below a LOD of O 2 pg/filter for 12
filters and below a LOD of Q 03 ug/filter for 11l filters Hone al the
filter blanks contained detectable amounts of gallium, therefore, no blank
corrections were made to alr sample results for gallium

Gallium air sample concentrations are presented in Appendix A, Table A-3
Personal sample pallium concentrations are summarized in Table 5 for four Cahs
processes and the LEC cleaning operation  The highest average personal sample
concentrarion durlng routine operations was found in the granding/sawing area
25 pp/o) Tn the LEC area, ewxposures to gallium averaged

0 7 pg/m” and in epitaxy and 1on_implantation, exposutes were below the
average LODs of 1 2 and 0 L ug/m”, respectively  Higher average

exposures for galljum, by at least 2 orders of magnitude, were found during LEC
cleaning (108 ugjm3) There 1s no OSHA PEL or NIOGSH REL for gallium,

howaver, NIOSH recommends that worker exposure te gallium agsenlde he
contrnll?g to the KTOSH REL for inorganie arsenic of 2 ug/m” (ceiling) as
arsenic ]

Area sample results for gallium are summarizZed in Table 6 All samples for
gallzum taken at the LEC contgol panel, in the LEC load room, and at the
pullers were less than 1 pg/m” during routln% cperation Grinding/sawing
area sample concentrations averaged 2 1 pg/m”, the same as the personal
sample concentrations for gallium in this asrea In epitaxy, 1un Amplanlatlon,
and in the halls and offices away from_GaAs precessing, average gallium
concentrations were less Chan 0 & ug/m During LEC cleaning, area

gallium concentrations averaged 7 up/m”, which 1s much lower than

persanal sample concentrations during LEC cleaning As with the arsenic
results, 1t appears chat work practices such as wiping and scrubbing were the
major source of gallium exposure during cleaning of the LEC pullers

The gallium moirety (1 e , the gallium portion; of gallium arsenide 1& 48%,
therefore, an almest one to one gallium to arsenic ratio was expected for the
process areas which used predominantly gallium arsenide In all process areas
sampled, except during LEC cleaning, the amount of gallium was almest the samc
as that of arsenic for the same filter  However, during LEC cleaming the
gallium concentrations averapged only 13 percent of the arsenic concentratlons
indiecsting that the puller interior 1s contaminated primarily with arsenic

Inorganic Acid Resulis

Field blank rvesults for nitric acid were all below the averape detection limit
of 0 5 ug/tube, therefore, no blank correctlens were made to alr samples

far this acid Field blanks for hydrachloriec acid averaged 5 0 pg/tube and
the air sample resulre for HE1 acid were approprilately blank correcred

Area samples for hydrochleric and nitric acids were collected at the LEC wer
bench over a 4-day peried  Average concentratlions are shown 1n Table /
Generally, two consecutive 4-hour samples were Laken cach day  Nitric acid
concentrations were well below the 0SHA PEL and the NIOSH REL of

5,000 pg/m”, except during the removal of a frozen ingot from the
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Table 5. Personal Exposures to Gallium by Frocess

zallium Concentration*
Average
Number (Sample Arithmetic Geometric

of Duration Mean I~1&ua:n3 Rang§
Area Worked Samples| (min) (ug/m) (ug/m>) (ug/n)
IEC 5 389 0.7 0.3 <0.1 - 2.4
1EC cleaning 4 177 108 38 9.9 -361
Granding/Sawirng 4 152 2.5 2.3 1.6 — 4.4
Epitaxy 4 2959 <1.2 <01.9 <D.6 - <2.7
Ton Implantation 4 232 <D.1 <0.1 <0,1 = <0.2
CEHA PEL none
NIGSH REL none

Gallim collected on filters only.
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Table 6. Area Sample Gallium Concentrations by Process

Gallium Concentraticm*

Cclean area

Average
Sample (Arithmetic Gecmetric
No. of |Duraticn Mean3 I~'.Iea1'13 Rang%
Process,/Room Samples| {man) (ug/m-) (ug/m~) (ug,/m)
ILEC
Pullers 12 413 g.2 0.1 <0,1 - 0.9
Contral Panel 8 422 <01 <0.1 <0.3
Icad Room 4 176 <D 3 <0,2 <0.1 - <0.4
LEC cleanitwy
Pullers 7 191 6.8 4.0 0.5 - 18
Control Fanel 6 202 <0.6 <0.3 <0.1 - <1.8
Hall across 3 211 <D.4 <0.4 <0.1 - <0.6
from LEC
Grinding/Sawing 14 337 2.1 1.0 <0.1 - 7.4
Epataxy/ 12 341 <0.5 <0.3 <0.1 - 1.7
2nnealing
Ton Implantation 4 340 <0.% <0.1 <0.1
Hall/office 12 363 0.3 0.2 <0.1 - 0.5
across from LEC
Access roaon to 2 411, <0.4 <0.6 <0.4 — <0.8

* Gallnm collected on filter only
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Table 7.

Incorganic &ci1d Concentratians

Parameter Unit HC1* HNO4
1EC Wet Bench
Samples Munbher 4 4
Arathmetic mean uq,/‘m3 1807 240
std deviation ug/m’ 2800 1580
Range: low ug/m3 44 7
High 6800 3700
Averade sample mmites 412 412
duraticn
Epitaxy Acid Cleaning
Samples Nurmber 4 4
Arithmetic wean ug,r'm3 12 3.7
5td deviation 1..1.t;1,;"11'|3 5 0.2
Range: Lewy uq/m3 2 3.4
Hagh 18 4.0
Average sample mrutes 380 380
duration
OSHA PEL ug/m’ 7,000 5,000
(cerlirg) (TWA)
NTOSH REL ug/m — 5,000
(TWA)

* Blank corrected.
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crucible w&th aqua regia when the nitric acid concentratlon was

3,700 pp/m Hydregen chloride concentrations were 800 pg/m or

less, except for one 4-hour sample (12,600 pg/m”) collected while

removing a frozen inget with aqua regla, this concentration exceeded the OSHA
PEL of 7,000 pg/m~ {(ceiling) {NI105H does not have an REL fer hydragen
chloride ) Local exhaust ventilation measurements at the acid hood showed a
face velocity of 60 fpm  The hydrochloric acid results indicate that the local
exhaust ventilation rate at the LEC wet banch may, at times, be inadequate for
the control of acid emiszsions such as during acid removal of a frozen GaAs
ingot

In the epitaxy room, area samples for hydrogen chloride and nitric acids were
collected above the acid cleaning wet station over a 4-day period  Average
concentratlions are shown in Table 7 Generally, two consecutive f4-hour samples
wvere taken each day Nitric and hydrochlerie acid concentrations were 2 to 3
orders of magnitude below the OSHA PEL and the NIOSH REL indicating excellent
control of these emissions at the acid cleaning station 1n epitaxy The face
vaelaclties for the epitasy acid heed averaged 100 fpm

Ventilation

In the LEC process avea, airr velocity measurements were taken in tho puller
rooms and at the wet bench acid hood  Supply and exhaust air volume rates for
the air shower system in three of the LEC puller rooms arc shown in Table 8
The air shower system was 1nstalled to help reduce arsenic exposures Lo the
operator during LEC erystal puller cleaning  Air supplied by an overhead vent
flows downward over the operator and is exhausted through a fleor grate on
which the operator stands In the puller rooms, exhaust ailrflow rates ranged
from 1,200 te 2,000 cubic feet per minute (efm), supply air rates ranged
between 2,400 and 4,700 ¢fm  The ratio of supply air volume to exhaust air
volume ranged from 1 4 for puller #3 to 2 3 for pullers #5 and &7 The exhaust
volume for the LEC wet bench/acid hood was 370 cfw which provided a facc
velocity of 60 feet per minute (fpm)

Ventilation rates far the flat grinder, epitaxy reacter, and sepltaxy acld
cleaning station are shown 1n Table 8  The exhaust volume for the flat grinder
with the devor te the hood fully open was 120 e¢fm In the epltaxy ares, the
downdraft horizontal grill in frent of the door to the eplTaxy reactor
exhausted at a rate of 500 cfm  The grill opening was about 22 hy 30 inches
The face velocity fer the acud ecleaning hoed 1n cpitaxy was 120 efm

WORK., PEACTICES

A special wark practice 1s empleyed by M/A-CCOM as part of the receiving
procedure for gas cylinders which could be hazardeus, such as hydrogen and
arsine A snoop® test 1s performed as the cylinders are taken off the
delivery trucks, but before acceptance 1nte the plant If a cylinder 1s found
leaking, 1t 1s sent back with the delivery truck Cylinders accepted into the
plant are placed in ventilated cabinests A particular group of workers 1is
designated to change the cylinders, whenever needed
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Table B. Ventilatacn Rates for Various Process Equnpment

Exhaust Axr| Supply |Exhaust
Face AT Al
Velocity Rate Rate
Process Location (f£/m) (cfm) {cfm) Naotes
LEC puller 3 2400 1700 | Downdraft
IEC puller 5 2700 1200 | Downdraft
IFC puller 7 (or 1} 4700 2000 | Dowrdraft
LEC acid hood/wet berxh &0 370
G/8 flat grinder heood 640 50 | Alr exhausted to
(door opening 3/4" x 14'") 3=1/2" duct
Fpitaxy reactor (exhaust 500 | Horizental grill
gr1ll beneath door) downdraft
Epitaxy acid cleaning 120 920 | 92-1nch lang tank
heed
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MONITORING

M/A-C0Y has i1nstalled an MDA contimmous 24-hour monitoring system for arsine
with a sample port 1n the epiltaxy laboratory A continuous monitoring systen
for hydropgen 15 also emploved

Additionally, MAA-COM hired a consultant for technical assistance with
englmneering contrals and aspects of health and safety, and now employs a
full-time engineer with these responsibilikies  In the regulated area,
personnel monitoring for arsenic 1s performed on a quarterly basis

MEDICAL MONMITORIKRG

Preplacement medical examinations are conducted at M/A-COM which include a
medical history, spirometry test, bloed profile, and a Z24-hour urine arsenic
test In addition, annual medical examinatcions are performed and the 24-hour
urine tests arve periodically given for people whoe work in the bulk area

PERSONAL PROTECTIVE EQUIPMENT

Safety goggles, Tyvek coveralls, shoe covers, and disposable gloves arc worn 1n
the crystal growth, epitaxy, and wafer fabrication areas A full face {organic
vapor/toxic particulates, dual cartridge) respirator is requlred during the
cleaning of the crystal puller  Half face respirators are also required during
the loading and maintenance cf the crystzsl puller In additien, supplied air
breathing apparatus 1g required when adding the arsenic trichloride to the
epltaxlal reactor and when changing asrsine cylinders

v CONCLUSIONI AND RECOMMENDATTIONS

1l Arsenic exposures during gallium arsenlde production for routine operations
are well controlled at this plant Personal cxpesures during routine LEC
operation were at or below the NIOSH REL of 2 pg/mB In
grinding/sawing opetratlpns, some personal axposures Lo arsenic were above
the NIDSH REL of 2 pg/m”, but all were below the OSHA action level of
5 ug/m Personal exposures in epitaxy were all below the LOD of the
gampling and analytical method which averaged Z 4 yg/mE, i 10T
ipplantacion, all, arsenic personal exposures were below the 10D which
averaged 0 1 pg/m Exposureg 1n these four process areas werc well
below the OSHA PEL of 10 pg/m~ for arsenic Contrels fer arsenic
during routine aperatlons appear to be effective, however, a potential for
arsenic levels above the PEL exists in the grinding/sawing cperation

2 Because personal and area arsenic cohcentrations were elther close to or
below the LOQ, comparisons were not made ameng the various sampling
locations in the process rooms or for day te day variations in
concentrations, except 1n the grinding/sawing room Area concentratlicns 1in
grinding/sawing were higher by the saws than at the grinders and edge
bevelers Alsp, arsenic concentrations were about 10 times higher om
Thutsday, the fourth day of the survey, than on Meonday, in part because two
saws were operated on Thursday and ene on Monday The high wvariability in
arsenic concentrations 1o grinding/sawing could result in excessive arsenic
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exposurcs on seme days but not cothers, therefore, [requent or worst case
monitoring for arsenic 1s recommended for this operation

Hagh levels of arsenic were found during the LEC eleaning cperation
Alr-purifying respirators with a full mask were worn in this area during
LEC reactor cleaning  NIOSH maintalns, that to prefect against expasurs Lo
workplace carcincgens, respirators " should consist of supplied-alr,
full-faceplLece, positive-pressure resplrabors equipped with an emergency
self-contained breathing apparartus The following resplrators are
recommended & self-contained breathing apparatus with a full facepiece
operated 1n a pressure-demand mode, or a supplied-air resplrator with a
full facepiece operated Ln a pressure-demand mode in combination with an
au3111T§¥ gelf-contained breathing spparatus operated 1n a pressure-demand
mode " O5HA requirements for regpiratory protection also speclly the
use of an alr—supglled respirator 1f an cperateor’s TWA arsenic exposure
excecds 1000 pg/m (This 1= equivalent to a protection factor of

100 given the 0OSHA PEL of 10 pg/m™ )

For the four LEG crystal puller cleaning operations monitorcd in this
study, the cleaning operators' arsenic exposures varied by an order of
magnitude  These differences may have occurred because soma crystal
pullers were more difficult to clean than others, and/oer because of
individual wark practices ameng the three cleaning operators  The two
arsenle expeosures for the operator whe cleaned two pullers, differed only
by 40%, i1ndicating the effect of differences betwsen these twe particular
pullers om Arsenlc exXposSures was Mminay

The LEC ecleaning operators' expeosure to arszenic should be reduced by
controlling emission sources during cleaning Major potential sources of
arsenic emissions include wiping the inside walls of the pullers with
gbrasive pads, unbolting the LEC crystal puller using an air-powered
wrench, and dropping the HEPA-filter vacuum hose on the floor  Wet wiping,
applying local exhsust ventilation while wiping and remeving graphite
liners and other internal parts, and wet wiping the contaminated section of
the wacuum hose between =ach use should reduce emissions of arsemc Goad
practilces used by M/A-COM persennel during LEC cleaning included
transferring liners and internal parts af the crystal puller te a
ventilated hood, iseolating individual pullers, removal amnd disposal of
gloves (or putting a clean pair of gloves on over the old gloves) when the
operator exits the puller room to provent contamination of the control
area, and the use of & hydraulic 1ift to lower the puller for cleaning and
return 1t to the operating heipght after cleaning Isolation of the pullers
in lndividual cells appears to protect workers in the contrel area and
other LEC areas during puller cleaning Need less supply alr or mare
exhaust for air shower to be eflfective

At M/&-COM, almost no arsenic was collected on the charceal tubes feollowing
a filter Arsenic was found on only 2 6% of the 133 chareoal tubes  Thus,
ncarly all the arsenic at rthis plant weuld be collected using the
traditional filter only sampling method for arsenic
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Belatively high lewvels of arsenic surface contamination ware found on top
of the exhaust duct work in the LEC puller rooms, the arsenic levels were
at least an order of magnitude lower on the surfaces of the remaining areas
sampled in the LEC and elsewhere Since praotectave clothing is reguired in
the puller rooms, this centamination should not increase worker exposure
llowever, 1f the puller rooms are ever modlified or dismantled, the rooms
zhould be decontaminated first

Sampling results for hydrochloriec acid indicate that the local exhaust
ventilation rate at the LEC wet bench may, at times, be inadequate for the
contral of acid emissions such as during acid removal of frozen Cahs

1ngots  Nitric and hydrechloric acld results indicate excellent control of
these emissions at the acid cleaning statien i1n epitaxy
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Doutl, J , € D EKlasassen, M D Amdur Casaratt and Doull’s Toxicology 2nd
Ed MacMillan Publishing Co , Inc New York 1980

0SHA 1983 General Industry Standards U § Department of Labor, OSHA
Safety and Health Standards (2% GFR 1910) OSHA 2206, Revised March 1, 1982

FIGSH Criteria for a recommended standard oeoupational exposure to
lnergarnlc arsenic, new eriteria - LB75 U § Department of llealth,
Education and Welfare, Public Health Service HEW Publication Ko (NIOSH)
753-149 Cinecinnatl, Chio 1275

Dccupational Diseases - A Guide to Their Recognition DHEW, PHS, CDC,
NTI0OSH, Cincinnati, Ohio DHEW {N10SlY, 1977

Occupational Health Guidelines for Chemical Hazards DILIS (MIOSH),/DOL
{OSHAY Pub  81-123, Cincinnati, bHhio, 1981

NIOSH Method 6001 (Arsine) NIOSH Manual of Analytical Metheds Thir:l
Ed , Vol 2 Cincinnati, OH U 8 Dept Health and Human Services DHHS
(NIOSH) Publication No 84-100 May 15, 1985

HNIOSH Methods 7901 {Arsenic Trioxwide), 7903 (Tnorganic Acids) NIOSH
Manual of Analytical Methods Third Ed , Vol 1&2 Cincinmati, OH U §
Dept Health and Human Services  DHHS (NIOSH) Publicarion Ne 84-100
February 13, 1684

NIOSH  ALERT Request for Assistance in Reducing the Potential Risk of
Developing Cancer from Exposure to Gallium Arsenide 1n the Microelectronics
Industry U 5 Dept of Health and Human Sexvices DHHS (HIDSH
Fublication No 88-100) Cincinnati, Ohio Octoher, 1987
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Vil APPENDIX A

1IST OF ABRREVIATIONS

A - AREA SAMPLE
ANNEA - ANNEALING PROCESS

AT - ACID TUBE

BCKGR{D) - LOCATION QUTSIDE PROGESS ROOM
CLEC - CLEANING LEC PULLERS

CONC - CONCENTRATION

CONSO(L) - CONSOLE

cT - CHARCOAL TUBE

DET - DETECTION

EPI - EPITaXY ROCM

F - AA FILTER

as - GRINDING AND SAWING ROOM

10N - I0N IMPLANTATION

LEC - LEC ROOM

LOAD R - LOAD ROOM

nd - NOT DETECTABLE

ng - NOT QUANTIFILED

P - PERSONAL SAMPLE
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Tabla A-1 Indmdual Fiftar and Charcoal Tube Sample Recults

Sample Paraon/ Dat Areane  Arganle  Del  Galllum Geliwm
Dato Mumber Media Typa Room Lloca~ Tima Vokime Limat mess Conz  Limit  mess Cona
ton {min) {lilars} g} {ugfm3) {og) {ug/ma)
DB 58T 5103 F P LEG BH 288 144 4 nq 0 a3 c21 nd <0 04 <0 23
DB SIST 208 GCT P LEC BH 140 732 nd <0 04 ~0 57
0611587 6104 F A LEC P2 ang 463 6 o1 o024 nd =T 04 <} O
oeMsiar 6088 F A LEC F3 a0g 16635 nd <0 03 <119 nd <004 <0 28
0B Si87 202 o7 A LEC P3 15 573 nd =0 04 -~ BO
OB 58T 211 GOT A LEC P3 72 ;2 nd <0 04 <111
DEN 587 208 CT & LE= 3 122 a1 3 td =0 04 <0 BS5
OB/1SAT 5088 F A LEC P5 ar 1580 nq Doa 026 nd <1 04 <0 25
08N&B7 EBI105 F A LEG P& nr 4786 5 o1 026 nd <0 04 <0 08
DEN 5{87 215 OT A LEC F5 T3 3Jga nd <0 04 <103
0641 567 203 ©T A LEG PS5 123 aT nd < 04 <0 65
0641587 208 GT A LEC PS5 29 607 nd <0 04 <0 GBS
0Bfi5E? 5088 F A LEC PSGP 304 45690  ml =20 43 <007 nd <0 04 <009
0ei15/87 5102 F A LEG PELF 304 152 2 nd <0 02 =0 20 nd ~0 04 <0 28
DB/ 58T 200 CT A LEC PECP 11 666 nd <0 (d <072
OB 6/87 201 GT A LEG PEGP 122 611 nd <0 02 < 33
OB/ 1S/ET 218 ©T A LEC PSCP 71 355 nd <0 02 - 54
OE/1SB7 5100 F A LES Pa 35 4725 nq on3 006  ngd <0 04 <008
06/16/87  BOB7 F A LEC P kYE 1580 ng 004 026 nd <0 0 <0 25
CBi15/a7 207 CT A LES P 120 82 nd <0 04 < 65
DB/ SIET 213 o7 A LEC Pa 71 ass  nd =0 B4 <112
06 /87 Bog? F P GS M 141 2115 0g2 435 093 4 40
GG 587 5088 F P a3 Do 145 27 ng Qo9 124 g13 173
DE SVET 404 CT [ a8 [w]w) 145 7 nd QG2 = 23
DEY 1 5/8T s078 F A G8 G51 235 352 5 a 22 o). 3 034 13-
GBS BIRY eoed F A GE G2 as7 1187 nd <0 03 <0 26 nq Q08 051
QEVL 58T 402 T A GEs as2 144 21 nd < 02 <0 28
OB/ 587 400 GT A Gas G52 ] 86 nd <0 02 =] 43
06M156/87 5079 F A GE G5a 249 W00 nd < 03 <008 nd <0 04 o 1
06/ 5/87 5060 F P EFl =11 148 14 5 nd =0 03 <2035 nd =004 <2 T4
O&i1 5787 805 CT P EFI M 144 14 8 nd et Bvg =1 37
08/16/87 6081 F A EFI E1 234 284 nd <{1 03 <128 nd < 04 <1 71
081587 502 T A EPI El 234 234 nmd =0 02 <[} &5
OB/15/87  S0BE F A EPI E2 247 1238 nd <003 <0za nd <[ Od < 32
0B/IM15/8T 43¢ CT A EPI E2 g3 456 nd <0 02 =0 43
06/15/87 B2 CT A EPI E2 154 Tt nd <0 0Z = 28
DB/16/BT  50B2 F P KON RAB 158 235 nd =0 03 <13 nd <l Q4 <017
a1 G/ar 5088 F A oM CONSO 224 3380 nd =003 <0 09 nd =D 04 <012
08r15/8F7 5073 F A BCKGRD HALL 180 3150 nd <003 <010 nd <0 44 <013
OE/15/87 5074 F A BCKGRD OFFICE 258 4231 nd <003 <0G? ng 0G4 age
06/1E/R7 5075 F A BCKGRD OFFICE 2568 283 nd <303 <323 nd <0 04 <0 31
Qe/15/87 106 CT A BCKGRD OFFICE 138 a1 nd =0 {2 =) 29
Q81587 102 CcT A BCKSRD OFFICE 118 581 nd <002 <0 34
asf1a/ar 542 F P LEC BH 483 227 021 0Bd nd <003 =013
Q8/15/87 2es CT P LEC BH 235 1181 nd <0 D2 =017
aa/1ésa7 o7 CT P LECG BH 133 888 nd <002 <0 30
Q& &/aT 2537 CT P LEC BH B AT T nd =0 D2 <0 42
Q&/16/2T 5089 F A LEC LOADR 173 L R Q42 162 nd =0 04 =015
Q8MeR8T 572 F A LEG LOADR 173 867 nq o6 0BS nd <0 03 <0 35
aa/18/a7 are CT A LEC LOADR 173 g87 nd =<0 02 <0 23
08/18/87 5045 F A LEC 1 388 1838 nq ond a1 nd <0 03 <0 15
0E/16/87 230 CT A LEC P1 134 873 nd Qo2 <0130
08M1E/ET a5 CT A LEC P1 107 537 nd =002 =0 37
08Mpe? 224 CT A LEC P 145 723 nd =0 02 =0 27
08/18/87 5091 F A LEC P3 443 TI6 3 g 1B [ E] nd =~ 03 <0 P4
08/18/67 5000 F A LEG P2 443 222 3 | 004 018 nd =003 <013
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Table A-1 - Contiued

Samplo Pareant Dat Areanic  Arsopic  Det  Gathum  Galljum
Date Kumbar Medla Type Foom Locas Time  Volume Limit masy €one LmA masa  Conc
Yion {min}  (iters] {ug) {ugima; {ug) {up/m3)
CB/1EM7 238 CT A LEC P3 151 7548 nd < 02 <028
Gs/18/m7 2i8 CT A LEG Pa 123 87 nd <0 02 < 32
asf1efay 220 CT A LEC Pa 169 848 nd «0 02 <D 24
tg/18/8Y  S07T F A LEC P5 441 8815 g 009 014 nd <X 04 <0 08
GBMMEMAT 5048 F A LEC P5 491 2208 ng a4 018 nd =0 03 =0 14
oBf1any 231 CT A LEC Ps 150 751 nd «0 02 =0 27
ogr1eray 223 CT A LEC P5 122 11 ad <0 02 <0 33
0afiefar 228 CT A LEC PS5 184 a48 nd <0 02 <l 24
06/16/fa7 BOTR F A LEC PaCF 4472 88340 na <003 <oz nd =003 <0 05
aarene 5044 F A LEG PECP 447 2217  nd <0 03 <0 14 nd <003 <014
oarMemy 239 GCT A LEC PSCP 1481 87 nd <002 <0 25
08/16/87 237 T A LEC PSCP 170 a5 3 nd «0 04 <0 47
aar18sa7 218 CT A LEC PSCP 111 EST nd =0 02 <D 38
08/16/87 5004 F A LEC Pa 440 6800 ng a7 011 nd <003 <13 05
08/16/87 5082 F A LEG Pa 440 2204 ng Q05 014 nd <003 <014
06/18/07 281 CT A LEC Po 184 B47 nd <002 <D 24
agfe/av 233 CT A LEC Pa 151 6%  nd <0 02 <h 28
oaf a7 214 GT A LEC Pa 120 o1 nd <0 02 <0 33
0a/18/a7  BOID F P 1) 1) 118 13 Q18 241 D14 2 28
aar1a/e7 401 CT P GS M 118 513 ad <0 03 <D 48
08/18/87  S008 F A G5 GS1 450 8754 22 328 28 415
06/16/87 5002 F A G5 G52 443 2219 04 180 048 218
dE16/07 414 CT A GS GS2 121 BO8 nd <0 03 =0 50
0ar 8T 418 CT A GS GSs2 113 568 nd <0 03 =D 53
08/18/87 M7 CT A [£3] G52 115 576 nd =0 03 < 52
0&/16/a7 ape CT A as asa o4 471 ad 20 03 <0 84
QanMemayT 8003 F A GS GS3 215 472 6 nd <0 03 <008 nd <003 <0 08
08/ &/87 5011 F A as GE4 121 1818 Q24 132 024 132
oafe/m7 &1t F P EFI SM 253 353 nd < 03 <0 85 nd <003 < 85
0ar1a/87 511 CT P EPJ 5M 134 134 nd <0 U3 <224
08/146/87 S8 GT P EF/ SM 75 T8 nd <003 <3 85
Q616787 504 CT P EPi BM 141 141 nd <0 03 <213
00/186/87 5112 F A EPi E= 426 2134 nd =0 03 <014 nd <003 <014
08/16/67 500 CT A EFI Ez 108 648 nd <0 02 <0 37
06/16/8T 518 CT A EPI E2 225 1127 nd =02 <018
O6ME/8T 5E OT A EFI E2 1] 451 nd «0 02 <0 44
Q6 16/87 B107 F A EPI El 310 410 nd <0 03 <073 nd <003 =073
O8I 168/87 515 CT A EPI E1l 205 205 nd =0 02 <098
QEM6/aT S14 OT A EFI E1l 118 118 nd 0 02 <188
O6/18/87 512 CT A EPI El 85 &5 nad <0 02 <2 35
061687 B10% F A ERi ANNEA 137 627 nd <003 <044 nd <003 =0 44
OB1887 &8 CT A EPI AHMEA 137 827 ad <0 02 <D 28
0816/87 5110 F A {ON CONSO  a7s 5625 nd =003 <005 nd <003 =0 05
06/168/8F 5113 F (o 1ON AB 244 3720 nd <003 <008 nd =003 <008
06/16/87 5111 F A BCKGRD HALL 367 387 wd <0 03 <0&2 nd <003 < 82
081e/87 517 CT A BCKGRD HALL 171 171 nd <0 03 <178
Of/iB/87 5004 F A BCKGRD OFFIGE 435 862 5 azae 043 D 34 052
D&MB/8T7 5008 F A BCKGRD OFFICE 437 21990 21 048 Q084 0 as
D& BT 108 CT A BCKGARD CFFICE 84 471 nd «<J 02 <D 42
061887 107 CT A BCKGRD OFFICE 114 E31 nd <0 03 D50
0B/16/67 108 GT A BCKGRD OFFICE 112 551 ad <0 03 <0 53
051 af8T 412 GT A BCKGRD CFFIGE 115 876 nd <003 <0 52
06/16/87 BOOE F A BCKGRLD HALL 235 502 5 a13 028 014 032
oBi17/8Y B6OB2 F P LEC BH d75 2382 nd <0 03 <613 nd <002 <0 08
0B/ TI8T 234 0T P LEC BH 184 g2 nd <004 <0 48
081787 255 GT P LEC gH 154 w2 ad <0 04 0 52
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Table A—1— Contiued

Sampla Porzon/ Pat Arssnie  Arsanie Dot Gallum  Gallium
Dato Number Madia Typa Boow loca~  Tuna  Volune Lumit ordss Cane  Limid  mass  Cane
ton frin] _ {ltars] [ug) {ngindd {ug} {fupim3)
0B 7T 248 CT P LEC BH 152 ez nd <0 04 <D 52
O6/17/87 5114 F A LEC M 485 FeT B 011 015 nd <0 p2 <0 03
06/ 1787 5048 F A LEC P 486 243 3 nd <003 =0 12 nd <0 H2 <003
o8/17/a7 241 CT A LEC P1 158 s nd <004 < 50
0&M7/aT 243 CT A LEC P 141 707 nod <D 04 <@ 57
0B17I8T 245 CT A LEC P1 120 802 nd <04 <0 66
06417037 258 CT A LEC P1 66 31 nd <0 04 <i 21
of/17/a7 BOBa F A LEGC P& 444 BEG 0 ¢1s 217 nd <0 g2 <003
OBVI7/ET 5051 F A LEC F5 44 224 ™ =003 <013 nd <002 <DOB
0601 7IR7 244 CT A LEC P& 273 1383 nd <0 Q4 <0 2%
0B 787 23z T A LEC PS5 152 72 nd <004 <0 53
QL1787 5048 F A LEC P&CP 503 7545 nd <043 <0 04 nd <002 <003
Q41787 5053 F A LEC PECP 5033 2524 nd <0 a3 <012 nd <002 =0 QB8
Q6N TET 236 CT A LEC FSGFP 182 B14a nd <) 04 =0 49
08M 78T 247 CT A LEC PECP 157 788 nd <004 <0 51
QBN TET 252 CT A LEC PSCF 124 gz2 nd <0 04 «il 6d
oM ey 258 CT A LEC PSCP 80 31 nd =0 04 <133
061787 BT F A LEC P2 481 7215 ng 004 006 nd <0 a2 <0 a3
0617187 B11e F . LEG Pa 481 2411 ng 007 aze ngq o2 0as
Q6 7187 242 CT A LEG Pa 158 62 nd <0 02 <0 25
0BNFAT 248 CT A LES P 138 a3 2 nd <0 02 <0 22
aBM7iBT 249 CT A LEC Fo 120 801 nd <0 04 <{ 87
OBMTAT sy CT A LEC Pa .13 3ze el <G 04 <123
oB/17187 5071 F P as CM 203 1M0oM7 g g o2 Q16 167
QBf17787 410 CT P GS cM 127 836 nd <005 <) 79
OB TIET 418 ©T 2] as CM 78 3ai nd <0 05 <1
Q1787 5013 F A GS GE1 436 864 Q 11 1488 19 b-3:1]
Q61 TIET 5000 F A GS Gs2 436 2265 g o2 0848 035 145
asn 7isy 418 CT A GSs G52 189 878 hd <0 05 <0 57
08/ 7aT 408 CT A G5 G52 141 B2 nd <0 05 <0 a8
DG 17E7 407 CT A G5 G52 129 B854 ad =Q 05 0 75
06/17/87 5022 F A as [e:x] 258 3|40 nd <0 03 <008 nd =0 02 =i 05
[T s020 F A ] G55 43% &8 5 12 188 12 188
os17ev s030 F P EFI EM 340Q 340 nd =003 <0 B3 nd <0 02 <0 59
CEMTIRT s28 OT P EPI M 124 138 nd <004 <2 80
CeATAT 536 CT P EPI SM 105 108 nd < Q4 <3 B
Den7iar 528 CT [ EPI SM 97 a7 nd <G 04 <412
06/17/87 5028 F A EPi E2 471 2380 nd <038 <034 nd <0 Q4 <017
0617187 s27 CT A EF E2 128 a16 nd =0 04 <4
caf17/87 23 CT A EPI E2 208 w42 nd <0 0 <0 28
DIITIRT 513 CT A EPI B2 134 w71 nd <0 B4 <f B0
08M7IE7 502 F A EPI E1 483 463 nd <0 0% =173 nd =0 04 <0 BG
Q& 787 520 CT A EFI E1 208 208 nd <0 04 <192
Q817787 524 CT A Erl E1 124 124 nd <0 04 <323
0ar17a7 g22 CT A EPI E1 131 131 nd <004 <3 05
Q61 78T 5034 F A EPI ANNEA 284 4284 nd <008 <01% nd <0 04 <003
0BM 72T 37 F A EP} ANHEA 137 628 nd <} QB =117 nd <0 04 <0 68
08M7IsT 422 CT A EP! AMNEA 137 636 nd <0 05 <0 73
Q&M TIAT 5088 F P CLEQ AW 152 796 14 1768 087 iz 1B
0817187 300 CT P CLEC AW 16 weé nd <002 <0 25
o0&l 17187 BoTa F P CLEG DA 138 86 2 71 1028 25 I3
061737 an2 CT P CLEG DA 138 a9 2 Q03 043
o877 5118 F P CLEC GM 237 1180 45 378 57 47 91
0B/17/AT an CT P CLEC  GM 140 703 nd <002 <0 28
08/17/87 w? CT P GLEC  GM a7 487 nd <0 Q2 <0 41
08/17/47 5085 F A CLEC  P3 188 204 0 18 Bl 22 24 818
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Tabla A-1 = Continad

Sample Person Dat Arganic  Araenic Det  Galbum  Gallium
Dato Mumber Modia Type FRoom Loca- ‘Time  Volume Lme maes Conc  {umit mass Cone
tion {mm) {Iners) {ug) fug/m3) {ug) {ug/ma}
O61TeT B058 F A CLEC Pz 168 2414 q2 4278 020 44
o0an TaY g CT A CLEG P3 184 gaa nd <002 <0 24
e Fiar 5116 F S CLEC PS5 248 1244 g3 5082 043 3 16
08A1HET B081 F A CLEG P5 248 3saq 25 8775 nq 0z 064
e 737 e oT A CLEC PS5 248 1244 nd <0 G2 <0 18
OB AT 50B8 F A CLEG PSR 2448 690 ng QG2 coa nd <0 Q3 <0 G8
Qe 1 78T 5087 F A CLEC PSP 248 1281 nd =0 03 <0 24 nd <003 <0 24
OB1T/AT 303 CT A CLEC PSCP 248 1231 nd <0 02 =016
OB/t TET ST F A CLEG P7 143 Tas 19 25 B 0 150
0B TIET 5 CT A CLEC P7 148 733 nd <D 02 <27
Gar av 580 F A CLEG P7CP 1n 668 nd <003 <0 4B nd <003 <0 48
LB T3y 5058 F A CLEG P7CP i 196 5 nd <003 <015 nd < 03 <015
O&i1TaT we CT A CLEC FTCF 134 E58 nd <002 <0 30
0EMTIET 50868 F A CLEC BCKGR 253 a7’es nd <01 <028 nd <) 2 <0 53
DRA7IB7 5055 F A CLEC BOCKGR 145 21756 nd <003 <014 nd <0 03 <0 14
081 737 5028 F P N AE 245 525 nd <{} O =0 23 nd <0 04 <0 i1
0&/17/87 5035 F A 1ON SONSO 307 480 5 nd =0 08 =017 nd <0 04 <0 OB
oa17ieT 5414 F A BCKGRD HALL 414 B21 D nd <0 08 =013 ng 01 a18
LBt TIET s F A BCKGRD QFFICE 453 2263 nd <0 Q8 <0 35 nd =X Q4 <18
O8N 78T 08 F A BOKERD OFFICE 453 a7as nd <0 08 <Q 12 ng 008 a1z
Can nay 104 CT A DCKGRD QOFFICE 165 828 nd =0 Q6 <0 B1
081 T/2T7 118 CT A BCKGRD OFFICE 148 a1 nd =0 05 <0 B3
oG 8T 100 CT A BCKGRD CFFICE 142 TiA nd <0 05 =070
06/18/37 5139 F P LEC 8H 463 2324 044 180 056 241
D&18/37 256 CT P LEC gH 172 862 008 oes
0618427 282 CT P LEC sH 154 72 nd <0 04 <0 52
061847 278 €T P LEG BH 1a7 638 nd < 02 <0 28
OEMEBIBT 5120 F P LEG KQ 435 2188 nd <0 08 <0 37 nd <0 04 <0 18
OB/18/87 3 CT P LEG KO 180 aa 5 nd <0 02 <022
DE/18/87 B CT F LEC K2 143 713 c15 208
DB/18IET 83 CT P LEG KQ 112 563 md <0G 02 <1 38
CB/18/127 5054 F A LEGC LCADR 178 2485  nq o2 07 nd <20 04 <015
06/18/27 E122 F A LEQ LOADR 179 Eav nd <008 <0 B9 nd =0 04 <0 15
0Bf16/87 274 CT A LEG LOADR 178 887 nd <002 =0 22
DB 8,47 5131 F A LEG P3 405 807 6 04z 0 Be ng 04 Q85
DEM 83T 51383 F A LEG P3 405 w032 nd <0 OB =0 39 nd <0 04 <0 20
&/ 1Biey 276 CT A LEC P2 143 T nd <0 Q3 <0 42
0618167 267 CT A LEC P3 140 702 nd <003 <0 43
0BH8/E7 271 o7 A LEC P3 122 a2 nd <508 =i 49
CerTe/Ey 5128 F A LEG P& 444 g84 0 nq Q2 Q30 nd =0 44 =qca
CsNRIST  s132 F A LEC PE 444 2223 nd <0 1 <045 nd <02 <050
& 18/87 arz2 CT A LEC P65 162 Bl nq a1 123
06 18/87 285 CT A LEC PS5 141 706 nd < 04 <2 &7
O618/27 79 CT A LEC PS5 141 708 nd <0 04 0 &7
oBf1B/2Y 5138 F A LEC PECF 439 8585 nd <0 O <giz  nd <0 04 =0 08
oB/1Bie? s121 F A LEZ P&CP 433 2198 nd <0 08 <038 npd <0 04 <3 1%
OBIBRT 2w OT A LED PECP 180 a0z md <P o2 <0 26
OR/18/8T 289 CT A LEC FSCP 143 748 nd <002 «f) 27
Ce/18/87 261 CT A LEG PSCP 130 a5 nd «0 02 < 31
CENB/ET B2y F A LEC P7 443 BEA 5 nd <0 08 <X 12 nd <0 04 =<{ 08
DG/18/87 5128 F A LEG P7 443 2223 nd =0 4B =<0 38 no =0 04 <0 18
D61 8/87 arr CcT A LEC PT 182 813 med <D 0% = 37
OBM18/a7 28 CT A LEC pP? 141 Ty nd <0 03 <0 42
O&/18/87 288 CT A LEG F7 140 02 nd <02 <0328
OeHesT 5017 F A G5 GSi 371 805 4 28 477 a1 509
Q61 8/a87 5141 F A &5 GSe2 450 2254 Cad4 151 035 160
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Tabke A-1 - Gonbiued

Bampile Pareons Dot Arsenic  Arenic Dol Gallum  Gallium
Date Nymber Madia Typs Room Loce- Time Volume Limit masy Song Lk mess  CoAao
Han {mtn}  {lxars) {up) fugim3] (g {ug/ma)
uBM1 87 114 CT A aGs asgz2 136 478 nd <003 <0 44
08/18r82r 413 CT A as asz 167 837 nd <033 <034
08/18/87 415 CT A (e 1] Ggz 148 741 nd <0 03 <0 40
06/18/87 5135 F A G5 GEE 360 Bas g 37 705 k] 743
o8 aray 5024 F P EFl 5M 358 356 nd <0 03 <[ &4 al+| <0 02 <b 58
0E/18/37 B2a CT P EP! &M 120 iZ0 nd <005 <4 17
0e/18/27 532 CT P EP? &M oG #8 nd <0 05 <521
oGM18/27 420 CT P EFI &M 140 140 nd < 05 <3 57
O6/16/fe7  s028 F A EFI Ez2 464 2275 nd <0 02 <013 nd 00z <008
0618787 428 CT A EPI E2 160 852 nd <0 0d -0 42
a8i1a/g? 428 CT A EPI E2 14 i ] nd <004 =0 57
0&H B/8T 425 CT A EPI E? 123 Bt8 nad «0 03 <0 49
08M18/87 5031 F A EPI E1 452 452 nd «0 03 <068 nd <0 02 <0 44
0&HeM7 531 CT A EPI Ei 12z 122 nd <004 «3 28
051 B/27 507 CT A EPI E1l 199 198 nd <0 04 201
0518/27 423 CT A EFt 13] 121 131 nd <0 04 <305
05/18/37 5038 F A EFi ANNEA 372 1887 nd =003 014  nd <002 <01
aB!18/87 424 CT A EF1 ANNEA 125 828 nd <0 04 <0 84
QB18mT 530 CT A EPI AMMNEA 109 546 nd <0 B4 <073
CEM BI87 421 OT A EPI ANNEA 139 36 nd <0 04 <0 57
CEM8/87 5151 F P GLEG AW 175 a7 e 11 1253 87 891
GGH 8/87 g0 CT P CLEC AW 175 78 nd <004 <D 48
ue/18/87 5138 F A CSLEG M 180 200 27 1060 18 1778
0sM1B8/87 51853 F A CLEC P1 180 835 ] 10749 12 12 24
06M18/27 313 CT A GLEG P 160 935 nd <0 04 < 43
os18/e7 5152 F A CLEC PICP 228 8420 nd <01 <023 nd «02 <058
QBM18/87 S35 F A CLEC FIGP 228 1142 nd <1 <0&s nd <02 <175
UBM BIE7 310 CT A CLEGC  PICP 228 1142 o <0 04 <0 35
0E/16/87 5124 F A CLEC BCOMGR 234 353 4Q nd < 1 =0 28 nd <02 <0 57
CBM 88T 5040 F P ION HB 2845 4200 nd <0 03 <} 97 nd <0 G2 =i} Q5
DG/ BIET 5038 F A ION CONSD 453 6795 nd =0 03 <D a4 ng o0 0z <003
DE1B/87 5058 F A BOKGRD HALL 455 455 nd =0 03 <0 68 nd <0 0Z <0 44
0818/87 428 CT A BCKGRD HALL 163 w3 nd =004 <207
(61827 Bos CT A BCKGRO HALL 138 138 nd <0 04 <290
0618587 535 CT A BGKGRD HALL 124 124 nd <004 <323
DB BIE7 523 F A BOKGHRLD OFFICE 444 22z 4 nq G OB b as ng D1 0O 45
ceHersr 118 CT A BCKGRAD OFFICE 137 E28 nd <063 < 44
G&HB8reT 1o CT A BCKGRD OFFICE 163 g18 nd =003 =037
O0EM BIET 102 CT A BCKQRD OFFICE 144 721 nd <0 G3 =042
0818/87 5134 F A BCKGAD OFFICE 450 B7S 0 o3 044 03 046
06/M18/27 5142 F A BCKGRD HALL 245 L= Tl nd <0 D& < 22 na 0 0B 022
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