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a b s t r a c t

Background: The aim of this study was to describe the types of diseases that developed in semiconductor
workers who have registered with the Korea Workers’ Compensation and Welfare Service (KWCWS) and
to identify potential common occupational characteristics by the type of claimed disease.
Methods: A total of 55 semiconductor workers with cancer or rare diseases who claimed to the KWCWS
were compared based on their work characteristics and types of claimed diseases. Leukemia, non-
Hodgkin lymphoma, and aplastic anemia were grouped into lymphohematopoietic (LHP) disorder.
Results: Leukemia (n ¼ 14) and breast cancer (n ¼ 10) were the most common complaints, followed by
brain cancer (n ¼ 6), aplastic anemia (n ¼ 6), and non-Hodgkin lymphoma (n ¼ 4). LHP disorders (n ¼ 24)
accounted for 43%. Sixty percent (n ¼ 33) of registered workers (n ¼ 55) were found to have been
employed before 2000. Seventy-six percent (n ¼ 42) of registered workers and 79% (n ¼ 19) among the
registered workers with LHP (n ¼ 24) were found to be diagnosed at a relatively young age, �40 years. A
total of 18 workers among the registered semiconductor workers were finally determined to deserve
compensation for occupational disease by either the KWCWS (n ¼ 10) or the administrative court (n ¼ 8).
Eleven fabrication workers who were compensated responded as having handled wafers smaller than
eight inches in size. Eight among the 18 workers compensated (44 %) were found to have ever worked at
etching operations.
Conclusion: The distribution of cancer and rare diseases among registered semiconductor workers was
closely related to the manufacturing era before 2005, �8 inches of wafer size handled, exposure to clean
rooms of fabrication and chip assembly operations, and etching operations.
� 2019 Occupational Safety and Health Research Institute, Published by Elsevier Korea LLC. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Controversy over the causes of semiconductor workers devel-
oping leukemia and a range of rare diseases has been growing since
a young female former worker at awafer fabrication (fab) operation
died of leukemia in 2007. Her case was denied by the Korea
Workers’ Compensation and Welfare Service (KWCWS), but was

later awarded compensation as an occupational disease by the
administrative court.

Over the past decade, the speculation that semiconductor op-
erations and the related working environments and jobs, especially
those around before 2000s, may be harmful to workers has not
been clearly examined. A number of former semiconductor workers
have continued to claim that their chronic diseases, especially
various types of cancer and rare disease, were associated with a
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semiconductor operation or job that they performed. No study has
assessed the characteristics of jobs and diseases of semiconductor
workers who had registered with the KWCWS to seek
compensation.

The aims of this study are to describe the types of diseases that
developed in semiconductor workers who registered with the
KWCWS and to identify potential common occupational charac-
teristics by the type of claimed disease.

2. Materials and methods

2.1. Overview of the national procedures for compensating
occupational disease

The procedure for the receipt of compensation as an occupa-
tional disease for workers who assume that their disease may be

caused by a job or work environment in which they were involved
is shown in Fig. 1. In South Korea, any worker who develops a
disease may claim to the KWCWS to seek compensation for it as an
occupational disease. Such workers are required to submit an ac-
cident report to the KWCWS. This report includes basic information
such as employment duration, name of the company of employ-
ment, type of process, type of job performed, and type of disease
developed. According to the type of disease claimed, further
investigation was conducted by a designated organization. Respi-
ratory disease cases, including lung cancer, are investigated by the
Occupational Lung Diseases Institute under the KWCWS. The
investigation of workers who developed other cancers and rare
diseases is generally conducted by the Occupational Safety and
Health Research Institute. Occupational health professionals from
these institutes generally visit the company, investigate the recor-
ded documentation, and interview both employers and claimant

Fig. 1. Overall procedure for determining job-related disease. KWCWS, Korea Worker’s Compensation and Welfare Service; OLDI, Occupational Lung Diseases Institute; OSHRI,
Occupational Safety Health Research Institute.
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workers (or coworkers if claimed workers are no longer available).
They submit an investigation report to the KWCWS that has first
been reviewed by a committee operated by the pertinent institute.
The KWCWS operates its Occupation Associated Disease Decision
Committee to determine the association of a job with claimed
diseases. This committee makes its decisions on the association of
claimed diseases with occupations through a majority vote based
on investigation results. If the association of a claimed disease with
occupation is denied by the KWCWS, a worker may request the
administrative court to render a judgment of occupational disease.

2.2. Study participants

Since 2007, a civil society group named Supporters for the
Health and Rights of People in the Semiconductor Industry has
been acting on behalf of the electronics workers in South Korea
who developed chronic diseases, especially cancer and rare and
incurable diseases. This organization, which included medical
doctors, collected an occupational history from 82 former elec-
tronics workers, including 59 semiconductor workers, as of March
2017. Semiconductor workers with renal failure (n ¼ 1), thyroid
problems (n ¼ 1), dermatitis (n ¼ 1), and infertility (n ¼ 1) who
performedwafer testing for 15 years were excluded from this study
because of the common nature of these diseases. The aforemen-
tioned female worker who developed infertility (n ¼ 1) was eval-
uated by the KWCWS as deserving of compensation. Finally, a total
of 55 semiconductor workers who had worked in wafer fab and
chip (integrated circuit or microprocessor) assembly packaging
operations and who had developed either cancer or a rare disease
were selected for this study. A rare disease is a health condition that
affects a small number of people compared with other prevalent
diseases in the general population. Currently, between 5000 and
8000 rare diseases have been documented [1].

This study protocol was approved by the Institutional Review
Board of Korea National Open University (IRB no. ABN01-201708-
06-V1).

2.3. Brief description of semiconductor operations

The semiconductor industry was first introduced in Korea dur-
ing the 1970s [2]. In South Korea, the manufacturing of semi-
conductors (Standard Industry Classification: SIC 261) includes the
fab of integrated circuits on silicon wafers to manufacture finished
chips (microprocessors) for use in electronic products (SIC 2611).
The semiconductor operations in which the registered workers

were involved are briefly described in the following section. The
substrates for wafer and chipmanufacture are grown as solid ingots
in deposition chambers and then sliced into thin wafers and pol-
ished. No registered workers from those operations have been re-
ported to date. Integrated circuits are then fabricated onto the
wafer substrate through a succession of repetitive processes
composed of four main operation groups: (1) patter-
ningdoxidation, photolithography, developing, etching, and strip-
ping; (2) junction formationddiffusion and ion implantation; (3)
depositiondepitaxial or chemical vapor deposition, which is per-
formed to deposit a thin film; and (4) metallizationdsputtering
and evaporation [33]. Wafers are subjected multiple times to these
steps in the fab operation as they alternately add and then selec-
tively remove materials in layers from the surface of the wafer to
create the different parts of the completed integrated circuit. When
the individual integrated circuits on a wafer have been completed,
fabricated wafers leave the clean room of the fab operation for the
chip assembly operation. There, the chips on each wafer are diced
from the wafers, tested, and packaged either individually or into
modules for electronic products [3e6]. The principles of semi-
conductor operations and the major health hazards generated in
such operations have been comprehensively described elsewhere
[7,8]. Major hazards are summarized by the type of the semi-
conductor operation and job (Table 1).

2.4. Data analysis

Registered semiconductor workers were categorized based on
their work characteristics and the type of cancer or rare disease.
Leukemia, non-Hodgkin lymphoma (NHL), and aplastic anemia
were grouped intomalignant lymphohematopoietic (LHP) disorder.
Rare diseases included systemic lupus erythematosus, Wegener
granulomatosis, multiple sclerosis, amyotrophic lateral sclerosis,
polyneuropathy, and systemic sclerosis. Work characteristics
include employment duration, the year first employed, type of
operation, type of job, and wafer size handled. Registered fab
workers who handled several wafer sizes over the course of their
employment were coded according to the smallest size handled.
Wafer size first manufactured by year is summarized based on both
the literatures issued by the Samsung Economic Research Institute
and statements provided by the registered fab workers (Table 2).
The wafer sizes handled for chip assembly workers were coded as
“not applicable” because of little association with hazards.
Descriptive data analysis was used to compare the distribution of
semiconductor workers based on the types of work characteristics

Table 1
Operational hierarchical level and health hazards in the semiconductor industry

Major operation* Minor operation* Major health hazards [4e11]

Fabrication operation Epitaxy and oxidation Gases and silanes
Photomasking and etching Solvents, acids, alkalis, photoresists, developers, UV light
Doping: diffusion and ion implantation Gases, dopants, metals, X-ray, ELF-MF
Deposition: chemical vapor deposition Gases, dopants, ELF-MF
Metallization Dopants, metals, solvents
Passivation Silicon oxides and nitrides, aluminum oxide
Testing Chemicals in case of analysis for quality control

Chip assembly operation Wafer backgrind/saw Fused silica, tetramethylammonium hydroxide (TMAH)
Die attach/wire bonding Epoxy resins, ELF-MF
Molding by epoxy Epoxy resins
Plating/marking/solder ball mounting Chemicals from thermal decomposition of epoxy molding compound (EMC), flux
Testing by hot and cold temperature Chemicals from thermal decomposition of EMC, ELF-MF

Nonfabrication Office d
Nonoffice operations Supply chemical to fab clean room

Chemicals for maintenance work outside the clean room
Wastewater treatment and so on

* ELF-MF, extremely low-frequency magnetic field; fab, fabrication.Name and classification of the operation may vary among plants.
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or types of diseases. All statistical analyses were performed using
STATA version 12 (StataCorp, College Station, Texas, USA).

3. Results

We found that registered semiconductor workers had been
diagnosed with nine types of cancer (leukemia ¼ 14, breast ¼ 10,
brain¼ 6, NHL¼ 4, lung¼ 3, thyroid¼ 3, malignant lymphoma¼ 2,
ovarian ¼ 1, and osteosarcoma ¼ 1) (Table 3). LHP disorder
accounted for 44% (n ¼ 24) of cases among registered workers. The
number of workers involved in fab clean room operations was 34
(62%), considerably higher than the 19 employed in chip assembly
operations, who all worked in a clean room. Only two workers
worked outside a clean room. They were involved in wastewater
treatment and chemical supply to fab operations. Type of major
operation (fab), year first employed being before 2000, and etching
operation were common work characteristics identified among
registered workers, which indicated an association with chronic
diseases including cancer incidence risk. In particular, 60% (n ¼ 33)
of registered workers were found to have been employed before
2000 (Fig. 2). Furthermore, 76% (n¼ 42) of registered workers were
found to be diagnosed at a relatively young age (�40 years). Among
four aplastic anemia cases reported, one is accompanied by
paroxysmal nocturnal hemoglobinuria. Leukemia cases consisted of
the following subtypes: acute myelogenous leukemia (n¼ 9), acute
lymphoblastic leukemia (n ¼ 4), and chronic myelogenous leuke-
mia (n ¼ 1). All lymphoma cases are NHL (n ¼ 6). Nineteen among
the registered workers with LHP (n ¼ 24) developed their diseases
at �40 years. Two registered workers with lung cancer who were
involved in the etching process were both compensated for occu-
pational disease.

A total of 18 workers among the registered semiconductor
workers were finally determined to deserve compensation for
occupational disease by either the KWCWS (n ¼ 10) or the
administrative court (n ¼ 8) (Table 4). The administrative court
awarded compensation based on the comprehensive association of
the claimed diseases with occupational characteristics, even if the
status of occupational disease had been denied by the KWCWS. The
number of workers compensated by major operationwas 12 for fab
and five for chip assembly. Eleven fab workers responded as having
handled wafers eight inches or less in size. Eight among the 18
workers compensated (44 %) were found to have ever worked at
etching operations. Workers with LHP (leukemia ¼ 4, aplastic
anemia ¼ 3, and malignant lymphoma ¼ 1) accounted for 44%
among compensated semiconductor workers.

4. Discussion

The most common cancer registered was leukemia (n ¼ 14),
followed by breast cancer (n ¼ 10) and brain cancer (n ¼ 6). Forty-
four percent (n ¼ 24) of the registered workers were found to have
developed LHP disorders (Tables 3 and 4). We identified possible
common occupational characteristics related to the distribution of
the registered claimed diseases. These are the year first employed,
wafer size handled, exposure to clean room, and etching within fab
operation, although this trend does not prove a causal relationship
between claimed diseases and work characteristics.

Eighty-seven percent (n¼ 48) of theworkers registered (n¼ 55)
and all compensated workers (n ¼ 18) were found to have started
work before 2005, when smaller wafers of a size of� 8 inches were
likely manufactured. The majority of workers who claimed leuke-
mia (12 among the 14 registered workers), breast cancer (eight
among the 10 registered workers), NHL (five among the six regis-
tered workers), and brain cancer (all) were hired before 2005
(Table 3, Fig. 2). The year first employed is likely related to thewafer
manufacturing era before 2005. All registered workers whoworked
before 2005 responded as having handled wafers � 8 inches,
indicating that chemicals and products were handled manually,
although there have been no published articles reporting on the
changes in the semiconductor work environment, such as in regard
to operation, level of automation, or frequency of manual handling.
According to a report by the Samsung Economic Research Institute,
the manufacture of 12-inch wafers was first tested around the end
of the 1990s through a pilot process. Around 2002, large-scale
manufacturing of DRAM from 12-inch wafers began. Based on a
statement made by registered workers and data reported by the
Samsung Economic Research Institute (Table 2), fab workers
employed before 2005 can be assumed to have handled wafers<12
inches in size, indicating that most of the semiconductor processes
were manually performed. The smallest wafer size, 4 inches, was
found to be manufactured until the end of 2004 in the oldest
production line. When wafers were <12 inches, the frequency of
manual loading and unloading of chemicals and products was likely
to be frequent, resulting in higher exposure among workers. Most
of the registered workers responded that they handled chemicals
and products manually, but there has been no study to assess their
exposure to chemicals. All production lines and operations inwhich
the registered workers were involved were either eliminated or
replaced upon the introduction of newmanufacturing processes for
larger wafers. As wafers grew in size, automation became more
widespread because thewafers increased inweight and became too
heavy for human operators. During this period, the frequency with
which operators physically handled wafers and chemicals
decreased as chemical supply systems and wafer loading and
unloading became almost entirely automated [13]. Only 12-inch
wafers are currently fabricated by the two large companies in Ko-
rea (“A” and “B,” Tables 2 and 3). Only 12-inch wafers were being
manufactured by around early 2012 at company “A” and 2009 at
company “B.” According to the literature reported in the US, the 1-
inch diameter wafer of the 1960s gave way to the 200-mm (8-inch)
size around the mid-1990s and to the 300-mm (12-inch) size since
the mid-1990s [4]. This is far earlier than the eras when wafers of
these sizes were manufactured in Korea (Table 2).

Most registered workers (n ¼ 53) were found to have worked
inside clean rooms in fab and chip assembly operations. In partic-
ular, 34 (62%) of the registered workers and 14 (58%) of the workers
with LHP were found to have worked in a fab clean room operation
(Table 3). The cleanliness of the room is highly controlled to limit
the amount of dust to which the semiconductor is exposed [4]. The
concept of cleanliness, however, is not connected to the promotion
of human health. Seven (50%) among the 18 workers compensated

Table 2
Wafer size first manufactured by year at company “A.”

Year Wafer size first manufactured, inches (mm)*

1984 4 (50)

1985 6 (150)

1988 6

1989 6

1992 8 (200)

1994 8

1995 8

1996 8

1999 8

2000 8

2001 8 and 12 (300)

2003 12

* Indicating only the year that a specific wafer size was first manufactured. For
example, the oldest production line manufactured 4-inch wafers until the end of
2004. In 2003, most production lines still manufactured � 8-inch wafers.
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(31%) and 12 (22%) among all the registered workers were found to
have been involved in etching operations. Two workers compen-
sated for lung cancer and five workers compensated for LHP dis-
orders (leukemia¼ 3, aplastic anemia¼ 1, and NHL¼ 1) were found

to have performed etching operations. Four etching workers
compensated were found to have started work before the year
2000 (before 1990 ¼ 2, 1994 ¼ 1, and 1999 ¼ 1). Etching is used to
remove deposited films or substrates where they are not protected

Table 3
Distribution of registered workers (n ¼ 55) by the type of disease and type of work characteristics

Demographic and occupational classification Leukemia NHL Other lymphohematopoietic disorder* Subtotaly Breast Brain Lung Other cancersz Rare diseasesx Total

Sex
Male 8 2 2 12 0 1 3 2 3 21
Female 6 2 4 12 10 5 0 3 4 34

Age
<29 5 2 3 10 0 1 0 1 3 15
30e34 2 0 1 3 4 3 0 1 0 11
35e39 3 1 2 6 1 1 2 2 3 15
40e44 1 0 0 1 3 1 1 1 0 7
45e49 2 0 0 2 0 0 0 0 1 3
50e54 1 1 0 2 1 0 0 0 0 3
55e59 0 0 0 0 1 0 0 0 0 1

Type of operation
Fab 10 1 3 14 6 2 3 3 6 34
Chip 4 2 3 9 4 4 0 2 0 19
Outside clean room 0 1 0 1 0 0 0 0 1 2

Type of job
Operator 7 2 4 13 10 5 0 3 4 35
Maintenance 6 2 2 10 0 1 3 2 3 19
Product quality analysis 1 0 0 1 0 0 0 0 0 1

Year first employed
<2000 8 1 2 11 7 3 2 5 5 33
2000e2005 4 2 3 9 1 3 1 0 1 15
2006e2010 1 0 1 2 2 0 0 0 0 4
2011e2015 1 1 0 2 0 0 0 0 1 3

Duration employed, year
<¼5 5 2 4 11 7 3 0 1 5 27
6e10 4 1 2 7 2 2 0 3 0 14
11e15 2 1 0 3 0 0 1 0 2 6
16e20 0 0 0 0 0 1 2 0 0 3
>20 3 0 0 3 1 0 0 1 0 5

Wafer size handled, inchk

4 2 0 0 2 0 2 1 0 1 6
6 5 0 1 6 2 0 0 2 1 11
8 1 1 1 3 4 0 2 1 4 14
12 2 0 1 3 0 0 0 0 0 3
NA 4 3 3 10 4 4 0 2 1 21

Operation{

Fab operation clean room

Etching 1 1 1 3 1 1 2 0 0 7
Photo 0 0 1 1 1 0 1 2 2 7
Implantation 1 0 0 1 0 1 0 0 0 2
Diffusion 2 0 0 2 1 0 0 0 2 5
CVD 0 0 0 0 0 0 0 1 1 2
Maintenance for auto transportation facility 1 0 0 1 0 0 0 0 0 1
Several operations 0 0 1 1 0 0 0 0 0 1
Several operations including etching 2 0 0 2 2 0 0 0 1 5
CMP 1 0 0 1 0 0 0 0 0 1
Test 0 0 0 0 1 0 0 0 0 1
Supervisor 1 0 0 1 0 0 0 0 0 1
Chemical analysis 1 0 0 1 0 0 0 0 0 1

Outside fab operation
CCSS 0 1 0 1 0 0 0 0 0 1
Wastewater treatment in fab operation 0 0 0 0 0 0 0 0 1 1

Chip assembly
MVP 0 0 0 0 0 2 0 0 0 2
Test 1 1 2 4 2 2 0 0 0 8
Plating/cutting/bending 1 1 1 3 0 0 0 0 0 3
Molding 0 0 0 0 1 0 0 1 0 2
Oven/mixing 1 0 0 1 0 0 0 0 0 1
Bonding 1 0 0 1 0 0 0 1 0 2
Cleaning 0 0 0 0 1 0 0 0 0 1
Total 14 4 6 24 10 6 3 5 7 55

CVD, chemical vapor deposition; fab, fabrication; NHL, non-Hodgkin lymphoma; SLE, systemic lupus erythematosus; CMP, chemical mechanical polishing; CCSS, chemical
control supply system; MVP, marking visual packing.

* Includes aplastic anemia (n ¼ 4) and malignant lymphoma (n ¼ 2).
y Malignant lymphohematopoietic (LHP) disorder.
z Includes osteosarcoma (n ¼ 1), thyroid (n ¼ 3), and ovarian (n ¼ 1).
x Includes SLE (n ¼ 2), amyotrophic lateral sclerosis (n ¼ 1), multiple sclerosis (n ¼ 1), polyneuropathy (n ¼ 1), systemic sclerosis (n ¼ 1), and Wegener granulomatosis

(n ¼ 1).
k Four- and 6-inch wafers handled are coded as 4 inches (n¼ 3); 4- and 8-inch wafers, as 4 inches (n¼ 2); 4-, 6-, and 8-inch wafers, as 4 inches (n¼ 2); 6- and 8-inch wafers,

as 6 inches (n ¼ 4); and 8- and 12-inch wafers, as 8 inches (n ¼ 1).
{ Working duration longer than 50% of employment.
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by the photoresist and consists of wet etching and dry etching. Wet
etching refers to the removal of materials (usually in specific pat-
terns defined by photoresist masks on the wafer) from the wafer by
using liquid chemicals or etchants such as hydrofluoric acid, hy-
drochloric acid, sulfuric acid, nitric acid, chromium trioxide, and
hydrogen peroxide [11].

Dry etching refers to the removal of materials by exposing the
material to a bombardment of ions (usually plasma of reactive
gases such as fluorocarbons, oxygen, chlorine, or boron trichloride)
that dislodge portions of the material from the exposed surface
[14]. This operation is known to require the extensive use of strong
and highly caustic chemicals. In wet etching, the wafers were
manually dipped in baths containing acids (e.g., nitric acetic and

Fig. 2. Cumulative distribution of diseases developed by registered semiconductor workers (n ¼ 55) by the year first employed (LHP ¼ malignant lymphohematopoietic disorder,
including leukemia, NHL, and aplastic anemia; n ¼ 24). LHP, lymphohematopoietic; NHL, non-Hodgkin lymphoma.

Table 4
Occupational history of semiconductor workers compensated (n ¼ 18) as of July 2017

Sex Agey Disease compensated Companyz Major
operation

Minor operation Job title First year
employed

Wafer size
handled,
inches

Employment
duration, years

Work-related
compensated
organization

Female* 21 Leukemia A Fab Diffusion Operator 2003 6 1.1 Administrative court
Etching Operator 2004 6 0.6

Female* 31 Leukemia A Fab Deposition Operator 1995 6 12 Administrative court
CVD Operator 2001 6 3
Marking Operator 2004 6 0.8
Etching Operator 2005 6 0.4
Diffusion Operator 2005 6 0.6
Etching Operator 2006 6 0.2

Female 20 Aplastic anemia A Chip Test Operator 2000 NA 1.3 Administrative court

Female* 29 Leukemia A Fab Etching Operator 1999 6 4.8 Administrative court

Male 43 Brain A Fab Implantation Maintenance 1983 4, 6, and 8 18.7 KWCWS

Female* 25 Ovarian A Chip Bonding Operator 1993 NA 6.2 Administrative court

Female 35 Aplastic anemia A Chip Cutting and electroplating Operator 1993 NA 6.4 KWCWS

Female* 34 Breast A Fab Implantation Operator 1995 8 3.3 KWCWS

Etching and photo Operator 1998 8 1.3

Male* 38 Leukemia B Fab Implantation Maintenance 1997 6 and 8 13.3 KWCWS

Female* 28 Malignant lymphoma A Fab Photo Operator 2002 8 3.8 KWCWS

Male* 39 Lung A Fab Etching Maintenance 1994 8 and 12 16.6 KWCWS

Male* 44 Lung A Fab Etching Maintenance 1984 4 17.3 KWCWS

Female* 41 Breast C Chip Sawing, mounting, test Operator 1987 NA 28 KWCWS

Male 36 Malignant lymphoma B Fab Implantation/CVD Maintenance 1995 6 and 8 9.8 KWCWS

Male 45 Polyneuropathy C Outside fab Wastewater treatment Maintenance 2012 NA 0.8 Administrative court

Female 25 Multiple sclerosis A Fab CVD/etching Operator 2003 8 1.2 Administrative court
Photo Operator 2004 8 0.8

Male* 32 Aplastic anemia A Fab Etching Maintenance 2003 12 5.4 KWCWS

Female* 31 Brain A Chip Test Operator 1997 NA 6.2 Administrative court

* CVD, chemical vapor deposition; fab, fabrication; KWCWS, Korea Worker’s Compensation and Welfare Service; NA, not applicable.Death.
y Age when diagnosed.
z The same letters indicate the same company.
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hydrofluoric acid). Workers would be likely exposed to high levels
of these acids when pouring acid, dipping wafers, and disposing of
acid manually. To our knowledge, no study has reported on the
inhalation exposure levels to the chemicals used in this process
[15]. Specific operations within the fab may be related to a risk of
cancer, although a specific type of cancer cannot be defined.

Breast cancer (n¼ 10), brain cancer (n¼ 6), NHL (n¼ 4), thyroid
(n ¼ 3), lung cancer (n ¼ 3), and ovarian cancer (n ¼ 1) registered
with the KWCWS have been already reported to be associated with
semiconductor operations in cancer risk epidemiologic studies. A
total of eight epidemiologic studies conducted in the UK and USA
semiconductor industries evaluated ten types of cancer to be
significantly associated: melanoma, rectum, prostate, pancreas,
breast (no. of studies¼ 2), brain, ovarian, lung, thyroid, and stomach
(n¼ 1) [16e23]. In South Korea, the incidence of NHL among female
operators in chip assembly manufacturing operationwas evaluated
to be significant (Standardized incidence rate (SIR) ¼ 3.15, 95%
confidence interval ¼ 1.02e7.36, 5 cases) [24]. None of the epide-
miologic cancer risk studies to date has reported a significantly
increased risk of leukemia, the disease most commonly claimed in
this study. Leukemia and NHL are rare cancers in South Korea. Age-
adjusted incidence rates for leukemia andNHL in 2009were 4.8 and
6.3 per 100,000 people, respectively [25,26]. Hematopoietic cancer
among semiconductor workers has been the subject of major public
concern in Korea [27]. Acquired aplastic anemia is a syndrome
characterized by hypocellular bone marrow, nonincrease in blast
cell number or fibrosis, and peripheral pancytopenia [28]. The cause
of aplastic anemia is generally unknown, but exposure to ionizing
radiation, benzene, inorganic arsenic, certain drugs (e.g., alkylating
agents), and certain infections (e.g., viral hepatitis) is known or
considered to be associated with development of aplastic anemia
[28e30]. Benzene-induced aplastic anemia case reports appear in
many literatures, especially when benzene toxicity was not largely
recognized [31]. Benzene-induced aplastic anemia commonly
evolved to leukemia, mostly acutemyelogenous leukemia, although
acute lymphoblastic leukemia, chronic lymphoblastic leukemia,
and chronic myelogenous leukemia cases are also reported [31].
Lymphomas, including Hodgkin lymphoma and NHL cases, were
also reported in workers heavily exposed to benzene in the early
literature [5]. The incidence of acquired aplastic anemia is about 2/
million in Western countries, but in Asian countries, the incidence
is reported to be 2e3 times greater than that of the Western
countries [3]. In our study, we could not calculate exact incidence of
aplastic anemia, but we suspect four casesmay suggest a higher risk
of aplastic anemia. The causative agent of the semiconductor in-
dustry probably includes benzene, but ionizing radiation, arsenic,
cellosolve, and extremely low-frequency magnetic field (ELF-MF)
also should be considered in the future study.

Several cases of rare disease (systemic lupus erythematosus¼ 2,
osteosarcoma ¼ 1, amyotrophic lateral sclerosis ¼ 1,
Wegener granulomatosis ¼ 1, systemic sclerosis ¼ 1, multiple
sclerosis ¼ 1, and polyneuropathy ¼ 1) were registered. Only two
semiconductor workers with polyneuropathy and multiple scle-
rosis to date were compensated by the administrative court
(Table 4) because KWCWS’s Compensation Committee has applied
the criterion that registered workers should be exposed to disease-
causing agents confirmed by the International Agency for Research
on Cancer or in the existing literature. The KWCWS requires
registered workers to prove exposure to causative agents either
quantitatively or qualitatively, which can present an insurmount-
able obstacle. It is nearly impossible for workers who develop rare
diseases infrequently reported in workplaces to receive compen-
sation as an occupational disease. Workers who fail to provide
occupational history information to prove their claimed disease are
likely to get occupational disease compensation from the KWCWS

[32]. It is extremely rare for workers to have access to the occu-
pational characteristics with which theywere involved. In addition,
an investigation team responsible for estimating past exposure is
unable to find information for operations and production lines in
the past when there is a lack of employer cooperation or no well-
recorded work history.

The job histories investigated showed no known consistent and
specific operations or suspected agents closely associated with a
risk of the claimed cancers, including LHP. There is a need for
evaluation of new and emerging risks, including cancer, in semi-
conductor operations, although no clear-cut link to the work
environment or tasks performed has been established. It has been
well reported that semiconductor workers are generally exposed to
ELF-MFs [33,34] and to low levels of many chemicals [18]. Choi et al.
[35] reported average levels of ELF-MF exposure of 0.56 mT (no. of
workers ¼ 58, range: 0.01e35.36 mT) for fab workers and 0.59 mT
(n¼ 45, range: 0.01e26.72 mT) for chip packaging workers assessed
in Korea. In addition, fab workers can be exposed to low levels of
complex chemicals, including by-products that are recirculated
from the various fab operations [18,36]. The wafer fab process in-
volves the use of potentially hazardous chemicals such as metals,
photoactive chemicals, organic solvents, acids, and toxic gases in a
wide variety of combinations and workplace settings. Very few
epidemiological data are available regarding the possible combined
effects of ELF-MFs with other environmental agents, including
chemicals. Navas-Acien et al. [37] addressed possible interactions
between exposure to ELF-MFs and chemical substances with
known or suspected carcinogenic effects in a cohort of male
Swedish workers. Lead, pesticides, arsenic, and solvents have all
been associated with increased glioma risk only in participants
exposed to high (>0.2 uT) to moderate levels of ELF-MFs (0.13e0.20
uT). Hakansson et al. [38] conducted a caseecontrol study of
endocrine gland (adrenal gland, thyroid gland, and parathyroid
gland) tumors and reported increased risks associated with weld-
ing and exposure to solvents, which was interpreted as a possible
association with exposure to ELF-MFs. Semiconductor workers
have been partly or fully exposed to ELF-MFs and a wide range of
chemicals, which may be associated with various types of health
problems, including cancer. An epidemiologic study is required to
evaluate the cancer risk of possible combined effects of ELF-MFs
with the many chemicals used in semiconductor operations.

This study has a limitation in estimating the incidence risk of the
cancers and rare diseases registered because we were unable to
identify not only the number of actual semiconductor workers who
were employed in specific operations during specific periods but
also the actual number of semiconductor workers with chronic
diseases, including the several types of cancers and rare diseases
indicated here. Semiconductor workers who have registered with a
compensation program could be highly self-selective. The number
of semiconductor workers who register with the KWCWS, and
accordingly the number of approved cases, is likely to increase over
time.

This study identified common job characteristics, including
operation and job type among semiconductor workers who regis-
tered with the KWCWS, that may be associated with risk of chronic
diseases. Our results contribute to further epidemiologic study not
only because they classify semiconductor workers based on expo-
sure profile but also because they evaluate cancer risk among
semiconductor workers. In addition, there is little or no actual
exposure information in most cases, especially before 2005. The
quality of workers’ occupational profiles recorded by the company,
access to company records related to past manufacturing lines and
operations, and the narratives of the victims vary among com-
panies and registered workers, which affects the quality of occu-
pational information assessed in this study. It is very difficult to
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study because of the latency of these kinds of chronic diseases, high
turnover worker populations, rapidly evolving production process
and materials, and secrecy of the semiconductor industry. None-
theless, this study identified common job characteristics, including
operation and job type among semiconductor workers who regis-
tered with the KWCWS, that may be associated with risk of chronic
diseases.

In conclusion, the distribution of cancer and rare diseases
among semiconductor workers who registered with the KWCWS
was closely related to the manufacturing era before 2005, �8
inches of wafer size handled, exposure to clean rooms of fab and
chip assembly operations, and etching operations. LHP disorders,
including leukemia, NHL, and aplastic anemia, and breast cancer
were found to be the most frequent complaints.
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