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ABSTRACT. To delineate potential exposure in ion implanter maintenance, the authors
recruited 21 maintenance engineers (exposed group) and 10 computer programmers (con-
trols) at three semiconductor manufacturing facilities. Samples of air, wipes, and urine; used
cleaning cloths; and used gloves were collected for the characterization of arsenic expo-
sure. Arsenic levels were very low in environmental samples, but high arsenic levels were
found In some wipe samples, used cleaning cloths, and gloves. The average baseline content
of urinary arsenic measured for maintenance engineers was 3.6 ^g/g creatinine. Mainte-
nance engineers experienced an increase of 1.0-7.8 pg/g creatinine in urinary arsenic lev-
els during ion implanter maintenance. Results of a mixed-model analysis indicated that uri-
nary arsenic levels were associated significantly with time series (p = .0001), and the extent
of association was different among the three facilities (p = .0226). The results of this study
indicate that arsenic intake via ingestion, rather than through inhalation, might play a sig-
nificant role in the elevation of urinary arsenic levels. However, a series of urine samples
with self-reference continue to be a good approach for the monitoring of low-level arsenic
exposure.

ELECTRONICS, ESPECIALLY SEMICONDUCTOR
MANUFACTURING, is one of the world's largest indus-
tries. Semiconductor manufacturing presents workers
with new and often unique sources of exposure to haz-
ardous agents in the "clean" room.' - Among the vari-
ous potential occupational hazards in the clean room,
arsenic is a site-specific health hazard for maintenance
engineers who are regularly assigned the tasks of clean-
ing ion implanters and disposing of wastes.'"^ A simpli-
fied diagram of the major components of an ion
implanter and the surrounding work area appears in
Eiĵ ure 1. lon implantation is achieved by generating a
beam of dopant ions, accelerating the ion beam toward
a targeted substrate (i.e., single-crystal silicon), and
bombarding selective areas of the substrate surface.̂ '̂
The process involves the use of arsine gas or elemental
arsenic for the doping of silicon wafers, thus producing

a conducting circuit; such a process leaves arsenic
residues on equipment, such as an ion implanter, ion-
source housings, and a beam line. Maintenance engi-
neers, therefore, may be exposed to airborne arsenic
and arsenic residue from maintenance activities and
equipment cleaning.

Arsenic is a terrestrial element and is distributed nat-
urally at low or negligible levels in air, water, soil, and
food. Environmental contamination resulting from hu-
man activities, such as those that occur in industrial
processes,'' is a major health concern. Studies have
indicated that soluble forms of arsenic are absorbed
readily from the gastrointestinal tract and lungs.
Approximately 55-80% of daily oral intakes or arsenate
or arsenite and 40-60% of inhaled arsenic are excreted
in urine.^" Urinary arsenic, therefore, is a good bio-
marker for short-term arsenic exposure. On the other
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Fig. 1. Simplified diagram of ion implanter and surrounding work area.

hand, arsenic levels in hair and nails are good indica-
tors of long-term accumulated dose inasmuch as ar-
senic is bound irreversibly v̂ îth keratin and is no longer
part of the body's pool of biologically active arsenic.^
Epidemiological studies have shown that arsenic is
associated with cancers of the lung, skin, liver, bladder,
and kidney.'""'^ In addition, long-term exposure to
arsenic may lead to diseases associated with the ner-
vous, cardiovascular, reproductive, and respiratory
symptoms, and it may be associated with skin abnor-
malities, including patches of hyper- and hypopigmen-
tation, as well as with multiple hyperkeratotic "warts.""'

In a previous study,' Lingers and Jones demonstrated
that airborne arsenic levels were very low in the ion
implanter area, except when maintenance work at the
beam line area was conducted. In another study, the
authors showed that the mean hair arsenic of mainte-
nance engineers regularly assigned to fabrication areas
was slightly—but not significantly—higher than that of
administration controls. Although there is a paucity of
data that verify the perceived risk, arsenic exposure of
maintenance engineers around ion implanters remains
a concern. We suspected that such occupational expo-
sure might result from direct interaction with processing
equipment, from the handling of process chemicals, or
via contact with process wastes. To identify the possible
arsenic exposure among engineers, we measured envi-

ronmental samples and a series of urine samples as an
alternative to delineate the potential arsenic exposure
during ion implanter maintenance.

Materials and Method

In this study, we assessed arsenic exposure at the
work environments of three ion implanters in two fabri-
cation companies. In all of the ion implanters, elemen-
tal arsenic was the ion source for implantation in the
manufacturing process. During the site-specific walk
through, we learned that primary maintenance was
conducted twice a year. Tooling or components dis-
mounted from the ion implanter were cleaned in the
exhaust hoods, whereas ion source housing—which
was not removed from the ion implanter—was cleaned
on-site by scrubbing with a cleaning cloth and iso-
propyl alcohol, anhydrous alcohol, or hydrogen perox-
ide. At the time of the study, ventilation, personal pro-
tection, and other recommended health and safety
practices were already in place.

Each ion imptanter area was investigated for 1 wk.
Maintenance engineers (n = 21) on duty comprised the
exposed group, and 10 designated computer program-
mers who worked in the office served as the controls.
Given that arsenic contamination may be in the forms
of aerosol and/or residues on the surface of work areas.
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air samples, wipe samples, used cleaning cloths, used
gloves, and urine samples were obtained for exposure
assessment. Personal and area air samples were
obtained for both arsenic and arsine determination.
Area samples were collected at the work sites (i.e.,
source housing, beam line, end station, hoods, nearby
area of ion implanter, and administration office). Per-
sonal samples were obtained from all recruited mainte-
nance engineers.

Airborne arsenic was collected on 37-mm mixed-
cellulose ester filters (pore size = 0.8 |jm), and arsine
was collected on solid absorbent tubes equipped with
a preset mixed-cellulose ester filter for removal of
arsenic particulates.''''* Air arsenic samples were
digested in a microwave with a mixture of nitric, per-
chloric, and sulfuric acids in the proportion of 3:1:1 by
volume. The digested solution was then analyzed for
arsenic by an hydride-generation atomic absorption
spectrometer (HGAAS [Perkin Elmer FIAS 400, Perkin
Elmer AAS 31101) with a detection limit of 0.4 pg/l."'
Air arsine samples were first desorbed with 0.01 M
nitric acid in an ultrasonic cleaner for 30 min. Follow-
ing centrifugation, the supernatant was then analyzed
for arsine with a graphite furnace atomic absorption
spectrometer (GFAAS [Perkin Elmer AAS 5100], detec-
tion limit = 2.3 pg/l).'^

To characterize arsenic deposition, we collected
W'pe samples with moistened no. 1 Advantec 90-mm-
diameter filter paper obtained from a predefined 10 x
10-cm^ hot spot of each ion implanter and from the
nearby work areas. Collected samples were enclosed in
zipped bags and stored in a refrigerator at 4 -C until lab-
oratory analysis. The cleaning cloths that personnel
used to scrub arsenic residues from the ion implanters
and from the tooling or dismounted components were
collected as bulk samples, as were maintenance engi-
neer's polyvinyl chloride used gloves. The pretreatment
of wipe samples and the subsequent analysis for arsenic
mirrored the procedure we used for arsenic samples. A
central 5 x S-cm'̂  portion of each cleaning cloth sample
was cut and desorbed with 0.01 M nitric acid and ultra-
sonic cleaner for 30 min. A 1-ml aliquot of the mixed
solution was then digested with digesting acid and was
arialyzed for arsenic by HGAAS (i.e., as was done for
arsenic samples). We used a similar method and proce-
dure to analyze arsenic-contaminated gloves, which we
cut into 0.5 X 1.5-cm-̂  pieces.

Participating maintenance engineers provided first-
void morning urine samples on each day of the study
week. The first samples were provided on Monday
morning, which followed a 2-d break from work; there-
fore, these samples were used as individual self-base-
lines. Computer programmers (controls) also provided
urine samples as described for the engineers. Urine
samples were collected in 500-ml bottles, acidified
With nitric acid, and then stored at 4 -C for further
analysis. We used the Hitachi special automatic ana-
\yzer (Model 7450) to measure urinary creatinine with
a colorimetric method.'^ If a sample contained an
abnormally low or high level of creatinine (i.e., < 0.5 g/\
or > 3.0 g/l, respectively) indicative of a very dilute or

dense urine specimen, we excluded the urinary arsenic
result from analysis because the arsenic concentration
might have been spuriously low or high.^" Each urine
sample was pretreated with 3% sodium borohydride
and analyzed directly with HGAAS. With this method,
we were able to determine if any or all of the following
four major metabolites of inorganic arsenic were pre-
sent in urine: (1) As^^ (2) As^^ (3) monomethylarsonic
acid, and (4) dimethylarsinic acld.'^' The detection limit
of this direct method was 0.1 pg/l.

Field blanks were obtained for each batch of environ-
mental and biological samples. Different levels of spikes
were performed for quality control of arsenic determi-
nation. In addition, we applied a standard addition
method to correct urine matrix effects in the establish-
ment of the calibration curve for urinary arsenic anal-
ysis. A detailed description of the quality
assurance/quality control process can be found else-
where.-^ In addition, we collected information about
the subjects via questionnaires that included queries
about demographics, behaviors, work history, work-
related syndrome and symptoms, general environmen-
tal conditions related to potential arsenic exposure,
consumption of seafood, and drinking water, among
others. The Wilcoxon Rank Sums test and a mixed-
model analysis were applied and run on the Statistical
Analysis System for the statistical analysis of urinary
arsenic levels with relevant leading factors.-'

Results

Among 21 maintenance engineers recruited in the
present study, 10 were from facility A, 5 were from facil-
ity B, and 6 were from facility C. All engineers were
male, and their average age was 29.0 y (geometric stan-
dard deviation [CSD\ = 3.2 y). The mean duration of
work history in the clean room was 21.1 mo {GSD =
16.9 mo), and each engineer spent 4-9 hr daily in the
ion implanter area. The average age and duration of
work history for the 10 computer programmers (con-
trols) were 31.1 y {GSD = 2.5 y) and 25.5 mo {CSD =
13.6 mo), respectively. None of the programmers had
worked in the clean room.

Airborne arsenic levels in samples taken from 8 areas
when the cleaning process was performed (e.g., dis-
mounting major parts of equipment, scrubbing and
cleaning the removed parts, cleaning the ion implanter)
are shown in Table 1. Of the total 93 air samples,
arsenic was undetectable in 46 samples. Four samples
collected from the inside hood area and 1 sample from
the source housing area presented the highest levels—
35-560 |jg/m'. In no other samples did the airborne
arsenic level exceed the recommended occupational
exposure limit of 10 fjg/m .̂̂ "* Geometric means of air
arsenic levels in the 8 measured areas were rather low,
except for the mean level of 4.62 )Jg/m' (CSD = 14.3)
in the inside hood areas (Table 1). The second highest
average level was found in the outside hood areas (0.72
|jg/m^), followed by the source housing areas (0.67
^g/m'); no arsenic was detected in the office area. Air-
borne arsenic varied widely with respect to space and
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Table 1.—Concentrations of Airborne Arsenic and Arsine

Sample types

Sample area
Housing source

Inside hood

Oulside hood

Beam line

End station

Work lable

F^ssageway

Office

Subtotal

Personal sample
Maintenance
engineers

Notes: DL = detection

Chemical

Arsenic
Arsine
Arsenic
Arsine
Arsenic
Arsine
Arsenic
Arsine
Arsenic
Arsine
Arsenic
Arsine
Arsenic
Arsine
Arsenic
Arsine
Arsenic
Arsine

Arsenic
Arsine

imit, CM =
detectable. Arsenic reported in |J^m^,
*Arsenic Dt. = 0.01 (Jg/m', and arsine

Siimple No

During Ion Implanter Maintenance

of samples with
no. concentration > DL*

26
10
19
13
7
3
9
5
9
4
4
*
8
()

11
4

93
45

31
35

geometric mean.
and arsine reporlec
DL = 0.01 ppb.

16
7

14
9
5
0
4
3
4
0
1

3
3
0
0

47
22

11
15

CSD = geometric
in ppb.

tOnly samples of concentrations that exceeded ihe DL were included.
^Data were not available

CMt

0.67
0.04
4.62
0.04
0.72

0.46
0.03
0.13

0.32

OJiO
0.04

0.92
0.04

1.66
0.07

standard

CSD

6.5
4.0

14J
3.2
3.5

ND
2.2
1.9
4.6

ND

3.0
2.0

ND
ND

9.2
2.9

2.2
4.3

deviation, and

Range*

0.12-440
0.01-0.49
0.24-560
0.02-0.41
0.20-4.45

ND
0.19-0.90
0.02^.06
0.05-1.30

ND
0.32

0.09-0.72
0.02-0.08

ND
ND

0.05-560
0.01-0.49

0.50-7.00
0.01-1.66

ND = noi

Table 2.—Arsenic Loading on Work Surfaces, Cleaning Cloths, and Cloves

Sample types

Work surface (fig/cm-)
Housing source
Inside hood
Beam line6
End station
Work table
Floor 2

Cleaning cloth (pg/cm^}
Housing source
Hood 7
End station

Gloves

18
18
6.00
5
4
2.67

7
13.1
3

Maintenance engineers

Notes: CM = geometric mean, CSD

Sample

0.86
10.1
13.9
0.28
0.06
1.1

201
6.4
24.2

36

no.

471
4.2
0.48-19.9
3.1
2.2
2.53-2.81

3.6
0.37-117
1.4

681

CM

ND»-146
0.01-103

0.02-8.56
ND*-4.00

15.0-832

16.3-34.7

3.4 24-7,215

= geometric standard deviation, and ND =
•Detection limit of wipe sample for arsenic was 0.0005 ̂ Jg/c
for the value under detection limit.

*m^, which was used

CSD' Range

not detectable.
in the calculation of CM and CSD

time (Table 1). Although some maintenance activities
might have produced high exposure levels of arsenic,
during most of the maintenance periods there was little
arsenic in air. Results of personal airborne arsenic expo-
sure showed a similar trend to that described. Twenty of
31 samples were below the detection limit of 0.01
pg/m^. The geometric mean arsenic level of the remain-
ing 11 samples was 1.66 pg/m^ IGSD = 2.2). The high-

est arsenic level of 7 pg/m^ occurred in facility A and
was experienced by an engineer who was dismounting
and scrubbing major parts of the ion implanter for 4 h.

Arsine concentrations during maintenance work are
also shown in Table 1. Twenty-two of 45 area samples
and 15 of 35 personal samples had detectable arsine
levels, but all values were well below the occupational
exposure limit of 50 ppb recommended by the Ameri-
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can Conference of Governmental Industrial Hygien-
ists.-"' No arsine was detected in the areas outside the
hood, at the end station, and in the office. The highest
personal arsine exposure of 1.66 ppm—greater than all
the measures taken from area samples—was found
while a maintenance engineer of factory A cleaned the
removed parts with isopropyl alcohol during the 2nd
day of maintenance work.

Arsenic levels on the surfaces of work areas, used
cleaning cloths, and used gloves are shown in Table 2.
A total of 53 wipe samples were taken from various
work surfaces following maintenance activities. Dust
arsenic loading on work surfaces varied from nonde-
tectable to 146 pg/cm^; the highest levels were found at
some parts of the source housing areas. Geometric
means of arsenic levels were significantly higher in the
hood and beam line areas than all the other areas
(Wilcoxon Rank Sums test, p = .0024). Seventeen sam-
pies were taken from used cleaning cloths, and the
highest arsenic levels were found in cloths collected
from the source housing areas (geometric mean |CM| =
201 pg/cm-', CSD = 3.6). In addition, gloves used by
maintenance engineers for dismounting the major parts
of the ion implanter and cleaning parts had high-level
arsenic residues that ranged from 24 pg/piece to 7,215
p§/piece (CM = 681 pg/piece, GSD = 3.4 pg/piece),

A total of 98 urine samples were collected during the
maintenance week from participating maintenance
engineers and computer programmers. The average uri-
nary arsenic level for the 10 programmers was 3.8 pg/g
creatinine (Table 3). The average urinary arsenic level

measured for maintenance engineers on the first day
was 3.6 |jg/g creatinine—a value not statistically differ-
ent from that of the nonexposed group.

The fluctuation of urinary arsenic levels among the
maintenance engineers during the week of ion
implanter maintenance Is shown in Table 3. The average
urinary arsenic levels for engineers at facility A
increased steadily from 3.7 pg/g creatinine on the 1st
day and reached the highest average level of 8.5 pg/g
creatinine on the 5th morning, after which levels
declined slowly during the days that followed. The aver-
age urinary arsenic levels, however, ranged from 3.4
pg/g creatinine to 4.8 pg/g creatinine for engineers at
facilities B and C. There was no apparent change found
during the week of study, except that an average of 8.0
jjg/g creatinine was found on the 6th day of study for
engineers from facility B.

The results of the mixed-model analysis are summa-
rized as follows:

Urinary arsenic levels, pg/g creatinine
= Facilities (p = .0681)
+ Time Series (p = .0001)
+ Time Series * Facilities (p = .0226).

Urinary arsenic levels measured for engineers were
associated significantly with time series and differed
among the three facilities. No effects of airborne arsenic,
gaseous arsine, and arsenic loading on arsenic levels
were observed. Neither was there an apparent effect of
the use of a supplied-air respirator. Nevertheless, we

Table 3.—Arsenic Levels oi (he First-Voided Morning
lon Implanter Maintenance (pg/g creatinine)

("nmpiitpr

programmers* Day I f Day 2t

Facility A
n 4 7 7
X 4.0 3.7 3.7
Range* 2.5^.6 2,8-4.7 2.3-5.8

Facility B
n 4 3 4
X 4.4 4.0 3.9
Range* 3.5-5,7 2.8-5.6 2.4-6.6

Facility C
n 3 6 6
X 2.7 3.4 3.7
Range* 2.2-3,1 2.0^.0 1.8-8.6

Total
n 11 16 17
X 3.8 3,6 3.8
Range* 2.2-5.7 2.0-6.0 1.8-8,6

•Computer programmers were the nonexposed group

Urine among Maintenance Engineers

Maintenance engineers

Day 3t Day 4+ Day 5t

7 7 4
3.8 5.5§ 8.5//

2,5-5.2 3.0-^.3 5,1-10,6

4 4 5
3.6 4.2 4,3

2.6-5.6 3.0-7.0 3.0-6.4

5 2 —
3.5 4.4 —

1.3-6.6 1.6-7.3

16 13 9
3.7 4,9 6.2

1.3-6,6 1,6-8,3 3,0-10.6

+The day on which urine samples were collected. Day 1 indicates the first day of the 1 -wk

During the Week of

Day6t

2
5.9§

4.9-6.8

5
4.6

2.6-7,1

2
8.0

1.9-14.2

9
5.8

1.9-14.2

Day 7+

2
6.1§

4.3-8.0

5
4.4

3.3-6.6

—
—

7
4.9

3.3-8,0

maintenance work, at
which time the engineers had just returned to work after a 2-d weekend hiatus. Therefore, the urinary arsenic level
of Day 1 for each engineer was used as self-baseline
nary arsenic levels of each of the other work days.
tRange of urinary arsenic levels.
§p<,05.
/ /p< ,005.

n the Wilcoxon Rank Sums test In comparison with the uri-
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Fig. 2. Urinary arsenic levels measured for 7 maintenance engineers in facility A during Ihe week of ion implanter maintenance.

found that most engineers at facility A did not wear full-
face-piece respirators with supplied air at work as
required, but, instead, wore dust-preventing masks. In
contrast, all maintenance engineers at facilities B and C
had a high rate of compliance with this requirement.

To clearly delineate the fluctuation of urinary arsenic
levels in the maintenance week, we plotted individual
arsenic leveis of 7 maintenance engineers at facility A.
Their urine samples were available for analysis for at
least 4 successive days during the study period. In Fig-
ure 2 it is clearly shown that during the first 3 d most
urinary arsenic concentrations leveled at approximately
3-4 |jg/g creatinine. The levels of engineers A^ and A^
climbed to 10.6 pg/g creatinine and 9 pg/g creatinine,
respectively; the levels for engineers A, and A, were
elevated only moderately. No changes were observed
for engineers A3 and A,. Levels for engineer A^
decreased from 3.6 pg/g creatinine on day 1 to 2.5 pg/g
creatinine on day 3; thereafter, on day 5, the arsenic
concentration elevated to 5.1 pg/g creatinine.

Discussion

In this study, we conducted an arsenic-exposure
assessment by directly measuring arsenic levels in the
work environment and by determining the body burden
in maintenance engineers. We measured subject-specif-
ic arsenic contamination sources in each section of the
ion implanter areas to determine their potential influ-
ence on each individual's arsenic intake. We based the

biological indication of the study subjects' arsenic body
burden on consecutive, first-void morning urine sam-
ples to yield an accurate estimate. Given that the half-
life of most absorbed arsenic species in the human body
is approximately 1-3 d,5-25.26 our study design was
appropriate and allowed for evaluation of low-level
occupational arsenic exposure in ion implanter mainte-
nance engineers in the semiconductor industry.

Arsenic exposures other than work-related sources
were also of concern in our study. Some undefined
fraction of arsenic could arise from daily diet (i.e.,
drinking water and food), whereas arsenic exposure
through inhalation and skin contact might be alterna-
tive pathways of environmental arsenic uptake. How-
ever, given that self-comparison was a component of
this study, we should not have had to measure other
common environmental arsenic exposures of different
pathways. Rather, we administered a questionnaire to
facilitate identification of any unusual exposure to
arsenic during the study period (e.g., use of arsenic pes-
ticides and lacquer painting, intake of arsenic-contain-
ing Chinese medicine). We confirmed that there was no
unusual arsenic exposure in the study subjects. We
therefore attributed elevated urinary arsenic levels in
the study period to exposure at the ion implanter main-
tenance areas.

Results of the mix-model analysis clearly reflected a
daily elevation of urinary arsenic levels among mainte-
nance engineers, even though the increase was mini-
mal. In fact, urinary arsenic levels for most maintenance
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engineers increased significantly during the latter days
ot the week, compared with their baseline levels on day
1 In general, these maintenance engineers experienced
an increase in urinary arsenic of 1.0-7.8 pg/g creati-
nine. Given that the half-life of arsenic is approximate-
ly 1-3 d, the elevations in our study provided evidence
that levels of excreted urinary arsenic increased with
time—largely the result of exposure during the first 2 d
associated with maintenance work that involved dis-
mounting, scrubbing, and cleaning processes.

Wipe samples that contained high arsenic levels were
taken from the work surfaces of source housings and
inside hood areas. This finding was not surprising; we
expected that most arsenic levels originated from main-
tenance activities. High arsenic residues were also pre-
sent for the bulk samples of used cleaning cloths and
used gloves. These results implied that there were
important alternative sources of arsenic exposure—
other than airborne arsenic particulates—to which the
maintenance engineers were exposed. Perhaps the
route of arsenic exposure during ion implanter mainte-
nance might occur primarily through ingestion, rather
than inhalation. This route was very likely because con-
tact with any arsenic-containing dust might lead to
inadvertent ingestion, thus resulting in elevated urinary
arsenic levels. This scenario can be demonstrated fur-
ther if we assume that elevated urinary arsenic levels
could be attributed entirely to the arsenic uptake via
inhalation and if we compare the expected airborne
arsenic concentrations derived from data available from
the current study. For example, the average increase in
urinary arsenic levels of the maintenance engineers of
facility A, after their ion implanter maintenance work,
was 4.4 pg/g creatinine {range = 1.0-7.8 [jg/g creati-
nine); this increase accounted for approximately 12.1
pg of extra arsenic excreted in urine each day, given that
urinary creatinine level normally averages 1.96 g/l and
urinary excretion averages 1.4 l/d.'̂ '' If we attribute this
12.1-pg/d increase in urinary arsenic to work-related
exposure via inhalation, we could conservatively esti-
mate the time-weighted average air arsenic concentra-
tions to be as high as 5.3-8.0 pg/m^—assuming a tidal
volume of 0.5 I, a breathing frequency of 18/min, a 7-
hr workshift during which personal respiratory protec-
tion equipment was not worn, and a 40-60% excretion
of inhaled arsenic in urine.''-^ In our study, however,
only 11 of 31 air samples contained detectable arsenic
concentrations {CM = 1.66 jjg/m' [Table 2]). Even if the
maintenance engineers had worked in areas that had
arsenic levels of 5.3-8.0 pg/m\ they may not have had
high arsenic levels in urine (i.e., 12.1 pg/d) because
they might have worn respirators or masks for exposure
prevention during most work hours. The aforemen-
tioned estimation implies that arsenic exposure for
maintenance engineers in the work environment may
occur through important alternative pathways other
than inhalation.

The results of the mix-model analysis also showed
that wearing an supplied-air respiratory did not have an
effect on urinary arsenic levels. For example, A^ and A^
(Fig. 2) were the only two engineers who complied with

the requirement that supplied-air respirators be worn
during maintenance work. Although urinary arsenic
levels of engineer A. did not increase significantly, the
levels of engineer A^ did increase—most obviously dur-
ing the latter part of the work week. The same situation
was observed in facility C for 1 engineer who had an
exceptionally high urinary arsenic level of 14.2 pg/g
creatinine (Table 3). These results imply that sporadic
contact with arsenic and uptake via ingestion may play
a significant role in elevated urinary arsenic levels.

Given the feasibility and practicality, urine analysis in
series, by workshifts, is an efficient means by which
low-level arsenic exposure can be monitored in the
types of facilities we studied. Sample preparation of
urine samples is easier and less expensive than other
biological measurements. Also, given the short half-life
of arsenic in the human body, a series of urine arsenic
monitoring with self-reference becomes a helpful tool
in the measurement of recent low-level occupational
arsenic exposure. In addition, a first-void morning urine
sample can be substituted for the 24-hr urine sample
because there is typically an estimated ratio of 1.4
between arsenic concentration in the first-void morning
urine and total amount of excreted arsenic in 24-hr
urine samples.^ In addition, collection of the first-void
morning urine sample could eliminate the awkward-
ness and messiness inherent with 24-hr urine collec-
tion; as well, this approach is more feasible and practi-
cable in the workplace. Therefore, measurement of
urinary arsenic levels after a series of workshifts, which
reflects the comprehensive arsenic exposure that con-
tributes to the body burden, is an appropriate monitor
of potential occupational exposure to low levels of
arsenic. On the basis of our observations, we recom-
mend that an increase in urinary arsenic of 4-5 pg/g
creatinine be used as a checkpoint for further improve-
ments in working environments, personal protection,
and personal hygiene.

Two important occupational hygiene issues have
been raised in this study. First, low-level arsine was
identified in the ion implanter areas during mainte-
nance periods. This finding is of great concern inas-
much as the protection principle and measures of
gaseous arsine are different from the airborne arsenic
particuiate. The manufacture engineers indicated that
no gaseous arsine was used during the wafer fabrication
process. Perhaps arsine is formed through the reactions
between element arsenic and cleaning agents used in
the cleaning process (e.g., isopropyl alcohol, anhydrous
alcohol, hydrogen peroxide). These agents, which were
placed on cleaning cloths, were used widely during the
ion implanter cleaning process. Investigators should
conduct further studies to clarify the sources and for-
mation process of arsine and to provide appropriate
guidelines about arsine prevention in the workplace.
Another concern is that sporadic high-level particuiate
dispersion may occur during the cleaning of the ion
implanter areas (Table 1). In the clean room, a stringent
air-quality standard of Class I is applied (i.e., 1 particu-
late/ft^ for particulates > 0.5 |jm in diameter). Therefore,
personnel should pay more attention to housekeeping
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activities in the ion implanter area during mainte-
nance—not only for the prevention of arsenic exposure,
but for product quality control.

The average arsenic level in the ion implanter areas
was usually low in our study, implying that there was no
evidence of, or imminent adverse health threat to,
workers in the studied work environments. Nonethe-
less, elevated excretion of arsenic remained demonstra-
ble; therefore, researchers must work to further reduce
arsenic exposure, particularly because the International
Agency for Research on Cancer has recognized arsenic
sa a human carcinogen.-^^ We must eliminate any
unnecessary exposure to reduce the risk of potential
adverse health effects. Given that arsenic exposures
may arise from airborne arsenic and/or dusty arsenic in
the field, the supervisors and maintenance engineers
must be more cautious during maintenance work to
effectively eliminate inadvertent contact and ingestion
of arsenic-containing material. Use of a series of urine
samples for monitoring between workshifts would facil-
ities their efforts with efficiency.
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