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Introduction 
A variety of toxic, corrosive, flam­

mable, pyrophoric, and asphyxiant gases 
are used in semiconductor manufactur­
ing. Continuous monitoring of such 
gases has increasingly become a require­
ment of local and state regulations which 
are typically based on the Uniform 
Building Code (Section 911 H-6 oc­
cupancy)1 ind Article 80 of the Uniform 
Fire Code . In addition, the Occupa­
tional Safety and Health Act requires 
each employer to render the workplace 
free from "recognized hazards causing or 
likely to cause death or serious physical 
hann to his employees"3

• Concern for 
potential employee and community ex­
posure to these gases has made gas 
detection systems (GOSs) an integral 
part of safety and health programs in the 
semiconductor industry. Evaluation of 
these systems without the benefit of 
hindsight is difficult since few compara­
tive studies of commercial GOSs have 
been published (a search of the 
American Chemical Society Chemical 
Abstracts - Annual Indexes for the past 
five years revealed only two papers on 
this topic)4,5 and most semiconductor 
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companies do not conduct such studies 
in-house. The first part of this paper 
reviews several types of GOSs with 
respect to their principal of operation, 
sensitivity, selectivity, response time and 
cost. The GOS types discussed are 
those based on electrochemical sensors, 
semiconductor sensors, paper-tape 
detectors, flame-emission spectrometry 
(FES), Fourier-Transform Infrared 
Spectrometry (FTIR), and mass 
spectrometry (MS). The second part of 
the paper describes the results of a mail 
survey of Semiconductor Safety As­
sociation (SSA) members to assess GOS 
utilization and performance in the in­
dustry. Respondents provided informa­
tion on GOS makes/models used, user 
satisfaction, gases used and monitored, 

areas monitored, frequency of false 
alarms, alarm locations, frequency of 
calibration and maintenance, and other 
characteristics. 

GDS Technology Overview 
Table 1 lists a number of popular GOS 

models used in the semiconductor in­
dustry along with the process gases that 
they are capable of monitoring at or 
below the American Conference of 
Governmental Industrial Hygienists' 
Threshold Limit Value (ACGIH TLV), 
where applicable. GOSs employing 
electrochemical sensors, paper-tape 
sensors, infrared spectrometers, and 
mass spectrometers appear to have the 
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Examples of Gases Monitored by Popular GDS Models 
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capability for monitoring the widest 
range of process gases. GDSs using 
flame-emission spectrometry and semi­
conductor sensors are used for selected 
subsets of chemicals (but may be supe­
rior for a given application). Certain 
other GDSs (e.g. MDA 5710 and Telos 
655) are designed to fill gaps in the 
monitoring capability of the vendor's 
primary system The significant cost of 
GDSs has led to the development of 
multipoint systems which can sequen­
tially sample 4-50 remote locations con­
nected by tubing to a central analyzer. 
Instrument response times are generally 
on the order of seconds, but long lengths 
of tubing used to collect the samples can 
significantly increase the system 
response time. Additionally, some gases 
may react with the sampling-line 
material and be lost. Periodic challenge 
testing with known gas concentrations is 
essential to verify the integrity of such 
systems. 

Electrochemical sensors 
Electrochemical sensors are based on 

electrolytic cells (Figure 1). Typical 
operation involves diffusion of gas 
molecules through the permeable 
membrane, followed by adsorption and 
reaction at the surface of the electrode. 
The resultant increase in current, which 
is directly proportional to gas con­
centration, is measured with an am­
meter. The membrane and constituents 
of the electrolyte are designed to give the 
sensor chemical selectivity for certain 
gases, but most sensors will have some 
cross-sensitivity to other gases. The im­
portance of these depends on whether 
they are expected to be present at sig­
nificant concentrations in the area being 
monitored. Sensitivities range from 
mid-ppb to low-ppm levels for semicon­
ductor process gases. A study of H2S 
electrochemical sensors reported a 
response time of 50 seconds at 50 ppm, 
and a recovery time of 5 minutes 4. Both 
times varied with gas concentration. 
The study reported that reproducibility 
and stability were relatively good: over 
a 6-week period 8 electrochemical sen­
sors initially calibrated at 40 ppm of H2S 
maintained a mean value of 41.±. 6 ppm. 
Electrochemical sensors are not af­
fected by changes in relative humidity, 
but are affected by changes in the am­
bient temperature. Costs vary from 
$1500-3000/sensor for fairly simple 
models to $20-30,000 for multipoint sys­
tems equipped with computers. Ven­
dors include GasTech, Sensidync, Telos, 

and :MDA Scientific. Routine main­
tenance, such as adding water to the 
electrolytic cell, can be performed by the 
user. 

Semiconduetor Sensors 
Metal-oxide-semiconductor sensors, 

also known as "solid-state" gas sensors, 

are built by depositing thin metal-oxide 
films (e.g., ZnO, SnO) on silicon using 
the same basic processes as those used 
to manufacture computer chips (Figure 
2). Adsorp_tion of the samQle gas on the . . 
surface of the metal oxide, followed by 
catalytic oxidation, results in a change in 
its electrical resistance as a logarithmic 

Figure 1 

Enlarged Cross-sectional View of an Electrochemical Sensor. 
Adapted from Kaminski [ 4] 
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function of the gas concentration 13• The 
surface of the device is heated to a con­
stant temperature in the 150-300° C 
range to speed the rate of reaction and 
minimize the effects of ambient 
temperature changes: Semiconductor 
sensors are not highly selective, 
responding to a range of oxidizable 
chemicals. Sensitivity varies from ppm 
to percent levels depending on the gas 
analyzed: for hydrides (except Sil-4) 
sensitivity is not adequate for TL V-level 
monitoring. In a study of H2S semicon­
ductor sensors from five manufacturers, 
average response times ranged from 10-
152 seconds over all measured con­
centrations5. Several of the sensors 
tested were affected significantly by 
changes in relative humidity. Another 
study found that H2S semiconductor 
sensors from 6 manufacturers exposed 
to 40 ppm for 6 weeks held calibration to 
.±. 1 ppm 4• The devices are relatively in­
expensive, $500-1500/unit, and require 
little maintenance. Vendors include 
1ST and Matheson. 

Paper-tape Detection Systems 
In paper-tape detectors, sample gases 

react with a chemically-impregnated 
tape to produce a colored stain. The in­
tensity of the stain, which is proportion­
al to the gas concentration, is measured 
with a photometer by the reduction in 
light reflectance from an LED source 
(Figure 3). Paper-tape detectors can 
provide good selectivity by using the ap­
propriate chemical reagent in the tape. 
Accuracy and reproducibility of results 
are dependent on the quality control of 
the paper-tape manufacturing process, 
as well as instrument optics and 
electronics. Sensitivity is in the low-ppb 
range for hydride gases, and varies with 
the gas analyzed to the ppm range. In­
strument response times vary from 5-60 
seconds, depending on the gas and the 
monitoring level required. The cost for 
paper-tape systems with electronic out­
put ranges from $8,000) (single point) to 
$30,000 (multipoint). Paper tape is con­
tinuously used during monitoring and 
can cost $150-200/month for multipoint 
systems. The primary vendor is MDA 
Scientific. Routine maintenance, such 
as changing tapes, can be performed by 
the user. 

Mass Spectrometry 

A mass spectrometer (MS) deter­
mines the chemical composition of a gas 
by identifying the fingerprint of its 
molecular fragments. A small amount 
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of sample gas at very low pressure is 
ionized by an electron beam ( or other 
means). These ions are then ac­
celerated, exposed to electric and mag­
netic forces that separate the ions ac­
cording to their mass/charge ratio (m/z), 
and focused on an ion detector (Figure 

4). The result is a mass spectrum that 
uniquely identifies any given compound. 
A computer library of mass spectra is 
used for comparison and confirmation 
of the identity of the sample. Computer 
storage of data allows future reanalyses. 
Mass spectrometry is highly specific and 

Figure3 

Diagram of Chemically-sensitive Paper-tape Detector. 
Adapted from Rogers [6] and MDA Scientific, Inc. [9] 
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Diagram of a Mass Spectrometer, Showing Ionization 
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has a broad dynamic range (ppb to per­
cent). The output of the MS is directly 
proportional to the concentration of the 
sample gas. Mixtures of certain known 
compounds can be quantitatively 
analyzed using the unique mass peaks 
associated with each component of the 
mixture. A disadvantage of the direct­
inlet MS is that background gases and 
vapors can interfere with the detection 
of hydrides at low-ppm to ppb con­
centrations. For example, 02 and N2 
can interfere with the detection of B2H6 
and PH3, and aromatic hydrocarbons 
can interfere with the detection of the 
AsH315

•
16. The instrument response 

time depends on the number and types 
of compounds selected for analysis, but 
is generally from 10-15 seconds per 
sample. The cost of an MS system is ap­
proximately $180,000. A multipoint sys­
tem with up to 50 sampling points is 
available from Perkin-Elmer. Vendor 
service may be required for main­
tenance and calibration. 

Flame Emission Spectrometry 
In flame-emission spectrometry 

(FES), also known as flame photometry, 
the sample is drawn into a continuous 
H2/air flame. The gas molecules are 
raised to excited states in the flame and 
upon returning to the ground state emit 
light at characteristic wavelengths. The 
emitted radiation is passed through op­
tical filters or a monochromator to iso­
late the wavelengths desired for analysis. 
A photomultiplier tube (PMT) 
measures the intensity of the radiation, 
which is proportional to the concentra­
tion of the gas (Figure 5). Selectivity is 
obtained by measurement of radiation 
emitted at wavelengths selected for the 
compound of interest. In one commer­
cial system positive responses are con­
firmed by activating chemical scrubbers 
designed to remove the target com­
pound. Depending on the result of this 
test, either the compound or unknown is 
reported. The FES system is sensitive to 
low-ppb concentrations of hydride 
gases, such as arsine, phosphine and 
diborane, but does not detect chlorine, 
hydrogen chloride, hydrogen fluoride, 
or hydrocarbons. The response time for 
each sample is about 8 seconds. A mul­
tipoint FES system is available from 
Telos for approximately $40,000. 
Routine maintenance, such as cleaning 
the flame compartment window, can be 
performed by the user. 

Infrared Spectrometry 
Infrared (IR) spectrometry is based on 

the principle that chemical bonds in 
functional groups of molecules absorb 
radiation at--characteristic wavelengths. 
IR spectrometers contain an IR light 
source, a sample cell, and a detector that 
measures absorbance. Compounds in a 
sample can be identified by examining 
specific wavelengths in the IR spectrum. 
The Fourier Transform Infrared 
Spectrometer (FTIR) is the most 
promising type of IR instrument for 
monitoring semiconductor process 
gases, having excellent selectivity for 
most gases and vapors, and rnsitivity to 
low-ppm or mid-ppb levels1 . Radiation 
from an IR source is passed through an 
optical system (Michelson inter­
ferometer) to generate a frequency 
spectrum by light interference. The fre­
quency spectrum, or interferogram, is 
then converted into a conventional 
broad-band wavelength spectrum by a 
computer program using the mathe­
matical procedure k.pown as Fourier 
transform (Figure 6) . The FTIR can 
store spectral data on the computer for 
future reanalyses. Response time 
depends on the target compound, but 
will generally be about 45 
seconds/sample. Diatomic nonpolar 
molecules such as Ch and F2 are non­
detectable, as they do not absorb IR 

radiation. In one study comparing an 
FTIR instrument to the MDA 7100 
paper-tape system, the FTIR was found 
to be more accurate in detecting arsine, 
diborane and phosphine at levels of 0.2 
ppm or greater (approximate FTIR 
detection limit}8. However, the MDA 
system was considerably more sensitive, 
being capable of detecting these gases 
below 0.01 ppm. FTIR instrument costs 
range from $20,000-150,000. Currently, 
Telos is the primary vendor for semicon­
ductor applications. Maintenance and 
instrument recalibration require vendor 
service. 

Summary 
Although all of the major process 

gases used in semiconductor manufac­
turing can be detected with commercial­
ly available G DSs, selection of a GDS for 
a specific site requires careful con­
sideration of the monitoring goals and 
potential hazards. Often the use of more 
than one type of GDS is necessary to 
meet the monitoring needs at a semicon­
ductor facility. The characteristics of 
GDSs employing electrochemical sen­
sors, semiconductor sensors, paper-tape 
detectors, flame-emission spectrometry, 
infrared spectrometry, and mass 
spectrometry were discussed. GDSs 
using MS and FTIR have recently shown 
promise for monitoring a wide range of 

Figure 5 

Diagram of a Flame-emission Spectrometer. 
Adapted from Willard, et al. [11] and Telos Labs, Inc. [12] 
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Figure 6 

The FfIR Instrument. (a) Optional Diagram. 
(b) Flow Chart of Instrument Output. 
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process chemicals. Both of these sys­
tems have the potential for identifying 
not on! y pure process chemicals, but also 
mixtures of compounds found in process 
emissions. 

GDS .User Survey 
Questionnaires were sent to 200 safety 

and health professionals at semiconduc­
tor manufacturing and research 
facilities, selected from approximately 
700 members listed in the 1988 Semicon­
ductor Safety Association directory. 
The survey form consisted of multiple­
choice and fill-in-the-blank questions. 
Name, company, and mailing address 
were optional ( only one anonymous 
response was received). Respondents 
were asked to fill out a form for each 
GDS make/model used at their facility 
(excluding portable monitors). Sixty­
two survey forms were received from 34 
individuals, a 17% response rate to the 
mailing. Respondents represented 29 
semiconductor manufacturers and re­
search laboratories, including 2 over­
seas facilities. With the exception of 
GDS make/model number, no attempt 
was made to clarify or obtain missing 
answers for survey questions, thus 
results for specific questions may not 
add up to the total number of respon­
dents (n = 34) orGDSs (n=62). Results 
are presented as percent of total respon- -
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dents or G DSs unless otherwise noted. 
The percentages may not add up to 
100% due to rounding, or because mul­
tiple answers were allowed for certain 
questions. Questions on GDS utiliza­
tion were grouped by respondent, while 
for questions on GDS characteristics 
each survey form was considered inde­
pendently. 

Respondents were safety engineers 
(41%), industrial hygienists (21%), 
managers (15%), other engineers 
(15%), equipment technicians (6%), 
and other personnel (3% ). The respon­
dents represented facilities with 500 + 
employees (69%), 50-500 employees 
(28% ), and < 50 employees (3% ). U.S. 
Department of Commerce data (1984) 
shows a different distribution ( 64% < 50 
employees) in the industry, but is skewed 
by the inclusion of sales offices. 
Respondents at 32% of facilities indi­
cated that their GDSs were tested in­
house prior to purchase, while 15% did 
not known (presumably because of GDS 
purchase was prior to their employ­
ment). This suggests that the majority of 
buyers in the industry are dependent on 
word-of-mouth or the vendors for com­
parative information. 

GDS Utilization 
Respondents reported that the most 

commonly monitored areas were: gas 
cabinets (97% ), operator areas (88% ), 

process cabinets (76% ), and scrubber 
exhaust (50%). Other areas were each 
monitored by < 50% of respondents 
(Figure 7). The prevalence of scrubber­
exhaust monitoring may be due to recent 
ch~n~es in Article 8CY-(monitoring of 
e~1ons) and the emission reporting 
requirements of EPA SARA Title III. 
Such emission monitoring is likely to in­
crease as the impact of these changes is 
felt. Fewer facilities monitored the gas 
pad itself (35% ), presumably because 
nearly all monitor the gas cabinets where 
a leak could be detected first. Most sites 
were equipped with audible alarms in 
the fab (91 % ), with nearly as many 
having additional visual alarms (84%) 
(Figure 8), which is consistent with Ar­
ticle 80 requirements. The most com­
mon locations for GDS alarm notifica­
tion panels were the security desk (74%) 
and operator area (59%) (Figure 8), 
probably because these area arc most 
likely to be manned at all times. Inter­
estingly, 26% use personal computers 
for alarm notification. Since safety and 
health personnel are often away from 
their desks, it makes sense that only 15% 
used the safety office for alarm notifica­
tion. Respondents indicated the use and 
monitoring status at their facilities of 
common process gases and vapors listed 
in Table 1. As Figure 9 indicates, all of 
the gases listed were used by 55% or 
more of facilities, except nitrogen tri­
fluoride, ozone, and hydrogen sulfide. 
All users of arsine, and all but one user 
of phosphine, monitor these gases with a 
GDS, which is expected due to their high 
toxicity. The level of monitoring among 
users of other hazardous gases was less: 
diborane (81%), silane (57%), chlorine 
(62%), hydrogen chloride (55%), and 
others ( <50%). The reason for lower 
monitoring levels for these gases is 
probably because of their lower per­
ceived hazards, since the technology to 
monitor them is readily available. 

GDS Characteristics 
The most frequently reported ·aos 

sensor types were paper-tape (44%), 
flame-emission (23%), and 
electrochemical (16% ). Less common 
sensor types were semiconductor 
(8.1 % ), infrared (3.2% ), photoioniza­
tion (3.2% ), and catalytic filament (non­
specific sensors for flammable gases) 
(3.2%). No respondents reported using 
a mass spectrometer-based GOS. The 
GDS models most often reported were 
the MDA PSM 8 series (27%) and the 
TELOS 550-650 series (23%),_with 



Figure 7 
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Alarm Type and Locations 
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other makes/models (including other 
MDA and Telos models) each compris­
ing 6% or less of the sample (Figure 10). 
Grouping by GOS model was originally 
planned, but rejected because insuffi­
cient ( < 5) responses were available for 
most models. Responses were instead 
grouped by sensor type: electrochemi­
cal, paper-tape, flame-emission, and 
"other". The group designated "other" 
was composed of semiconductor, in-
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frared, photoionization, and catalytic­
filament sensors. 

Five questions were asked for which 
respondents were expected to estimate 
answers, so categorical choices covering 
ranges of values were given on the sur­
vey form. The questions, and most fre­
quency chosen responses were: frequen­
cy of calibration - 2-5 times/year (37% ); 
frequency of maintenance -- 2-5 
times/year (46%) (Figure 11); frequen-
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Figure 9 

Overall Gas Use and Monitoring 
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cy of false alarms-- 0-5 times/year (74%) 
(Figure 12); percent of time GOS is run­
ning properly-- 96-100% (54%) (Figure 
13); and response time of the GOS to a 
gas leak -- 1-3 minutes (48%) (Figure 
14). It can be seen that GOS operation 
was not trouble-free: 49% reported a 
maintenance frequency of > 5 
times/year !ind 63% reported a calibra­
tion frequency of > 5 times/year (Figure 
11); nearly20% reported that their GOS 
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was properly operating < 90% of the 
time (Figure 13); and 27% reported > 5 
false alarms/year (which corresponds to 
about 20 systems) (Figure 12). In 
answering the question on GOS 
response time to a gas leak, respondents 
may have relied either on personal ex­
perience or information provided by 
vendors. Additionally, respondents 
with multi point systems may or may not 
have included the time it takes to draw 

the sample through various lengths of 
tubing. To test for differences between 
sensor types for the categorical ques­
tions, observed frequency tables of the 
sensor types vs. answer categories were 
prepared (Figure 15). Differences were 
observea for percent oftime GOS is run­
ning properly, and frequency of calibra­
tion, but were not statistically significant 
(chi-square) because the sample size 
was too small. No statistically significant 
differences were observed between sen­
sor types for frequency of false alarms, 
frequency of maintenance, and response 
time in minutes. It is interesting to note 
that users of paper-tape systems appear 
to calibrate their GOSs more frequently 
than users of other sensor types (possib­
ly due to the ease of this activity). This 
may be the reason why it also appeared 
that paper-tape system users reported 
their systems were running properly 
more often than users of other sensor 
types. 

Ten statements requiring subjective 
evaluation of GOS performance were 
included in the survey to which respon­
ses could be one of 5 choices: strongly 
agree, agree, unsure, disagree, and 
strongly disagree. Numerical results 
were obtained by converting the 
categories to integers: 1 (strongly dis­
agree) to 5 (strongly agree). The mean 
responses for each question by sensor 
type are presented in Table 2. Paper­
tape sensors received the most favorable 
rating overall. The analysis of variance 
(ANOV A) showed a significant dif­
ference (p < 0.05) between sensor types 
for statements 3, 6, 9 and 10 (i.e., varia­
tion between one or more sensor types 
was greater than variation within types). 
Tests for statistically significant dif­
ferences (Scheffe F-test, p<0.05) be­
tween pairs of means for the sensor 
groups were performed for these state­
ments. For statement 10 (routine main­
tenance is easy to perform), paper-tape 
was rated higher than the electrochemi­
cal and flame-emission groups. For 
statement 9 (good service is provided by 
the GOS vendor), paper-tape was rated 
higher than the group designated 
"other." For statement 6 (calibration of 
the GOS is not difficult); paper-tape and 
"other" were rated higher than the flame­
emission and electrochemical groups. 
For statement 3 (if a leak occurred the 
GOS would detect it), no significant dif­
ference between sensor group pairs was 
found. 



Figure 10 - Makes and Models Reported 
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Figure 11 - Frequency of Calibration and Maintenance 
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Figure 12 - Frequency of False Alarms Reported 
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Figure 13 Figure 14 

Precent of Time Running Properly (n = 57) Response Time in Minutes (n = 58) 
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Figure 15 

Observed Frequency Tables for Sensor Types v. Answer Categories 
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Table 2 - Evaluation of GOS Performance by Sensor Type 

~f;t::ISQB !YE!; 
FLAME 

ELECTRO· eAPER _ EMISS 
Qtll;MIQAL IAeE ~eEQIB, 

Survey Statement: mean(s . d.) 

1. The GOS performs as advertised 3.3 (0.7) 4.1 (0.7) 3.9 (0.7) 

2. The overall reliability of the system is high 3.4 (0.7) 4.0 (0.9) 3.8 (0.7) 

3. If a gas leak occured the GOS would detect it 3 .5 (0.7) 4.1 (0.6) 4.1 (0.5) 

4. Actual gas leaks are detected by the GOS 4.0 (0.0) 4.1 (0.5) 3.8 (0.8) 

5. False alarms occur too frequendy 2.4 (0.9) 2.3 (1 .2) 2.4 (1 .2) 

6. Calibration of the GOS is not difficult 2.8 (1 .1) 4.2 (0.5) 2.8 (1.3) 

7. The selectivity of the GOS is adequate 3.7 (0.9) 4.0 (0.6) 3.4 (1 .1) 

8. The sensitivity of the GOS is adequate 3.4 (0.7) 4.0 (0.9) 4.1 (0.5) 

9. Good service is provided by the GOS vendor 3.3 (0.7) 4.1 (0.7) 3.7 (1.0) 

10. Routine maintenance is easy to perform 3.1 (0.8) 4.3 (0.5) 2.9 (1 .1) 

m.mber of responses • 10 27 14 

Key: 1 = Strongly Disagree 3 = Unsure 5 = Strongly Agree 
2 = Disagree 

Summary 
A survey of users in the semiconductor 

industry provided information on GDS 
utilization and performance for 
monitoring process gases. The majority 
( 67%) of systems reported were based 
on either paper-cape detectors or flame­
emission spectrometry. Arsine, phos­
phine, and diborane were the gases most 
often monitored by users. Nearly all 
GDSs were used wilh audible and visual 
alarms in the fab. The majority of 
respondents monitored operator areas, 
gas cabinets, process cabinets, and 
scrubber exhaust, while less than 50% 
monitored other plant areas. Most 
respondents (74%) estimated that false 
alarms occurred 0-5 times/year. No sig­
nificant differences between sensor 
types were found for frequency of false 
alarms, or ability to detect a gas leak. 
However, significant differences be­
tween sensor types were observed for 
subjective performance characteristics, 
with paper-tape detectors receiving the 
highest rating overall. Due to the poten­
tial for selection bias and the fact that the 
response to the mailed survey was fairly 
low ( 17% ), results cannot be considered 
conclusive. The data collected may be 
useful for designing future studies and 
assisting other users in GOS selection, 
evaluation, and implementation. 

4 = Agree 
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