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ABSTRACT 

Water determination in semiconductor process gases 
is desirable in order to extend the life of gas delivety 
systems and improve wafer yields. We review our work in 
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applying Fourier transform infhred spectroscopy to this 
problem, where a 10 ppb detection limit has been 
demonstrated for water in N2, HC1, and HBr. The potential 
for optical determination of other Contaminants in these 
gases is discussed. Also, alternative optical spectroscopic 
approaches are briefly described. Finally, we discuss 
methods for dealing with interference arising from water in 
the instrument beam path, yet outside the sample cell. 
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INTRODUCTION 

Careful monitoring of the moisture in semiconductor 
process gas lines can provide valuable information about 
possible corrosion in the gas handling system and warn 
of possible detrimental effects to the wafers in-process. 
Presently there are several commercial instruments 
costing $50K or less that are capable of detecting trace 
water vapor as low as 50 ppb in N2.132 Two common 
tools are the frost point detector and the solid-state 
electrolytic detector. However, no single type of 
instrument has achieved universal acceptance. In 
particular, all presently available commercial 
instruments have limited compatibility with corrosive 
gases such as HC1 and HBr. Recently, Fourier transform 
infrared (FTIR) spectroscopy has been shown to be one 
of the most sensitive methods available that is 
compatible with corrosive g a ~ e s . ~ ' ~  

A number of issues surrounding the use of FTIR 
spectroscopy for water detection are discussed in the 
references cited above. After reviewing our results with 
FTIR spectroscopy, we address the following issues: 
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1) What contaminants may be detected with infrared 
spectroscopy? 2) What other optical methods are 
available for water determination? 3) How can one deal 
with interference arising from water in the instrument 
beam path which is outside the sample cell? 

In collaboration with Axiom Analytical Incorporated 
of Irvine, California we have built an FTIR accessory for 
this work. The most significant feature is the use of a 
dual beam design which permits accurate correction for 
the background water in the spectrometer. Some 
features of this instrument will be described in 
addressing item #3 above. 

EXPERIMENTAL 

Gas handling sysfem. - The gas handling system is 
described in reference 3. The tubing is seamless, 
electropolished 3 16L stainless steel. Joints and bends are 
made with Cajon Micro-fit weld fittings. The diaphragm 
valves are Nupro model SS-DLBW4. 

Two reference methods are used for the water 
calibration. One reference method is an Aquamatic Plus 
by Meeco Incorporated, a solid-state electrolytic detector. 
The stated accuracy is f 20 ppb or f 2% of the indicated 
reading, whichever is greater. The second reference 
method, a calibrated permeation tube from GC 
Industries, is housed in a L'eau Pro moisture generator 
manufactured by Meeco Incorporated which provides 
control of temperature, pressure, and flow. The stated 
accuracy is f 2 ppb or f 12% of the indicated reading, 
whichever is greater. Both reference methods are 
compatible only with inert gases. 

The N2 source is boil-off from a large liquid N2 tank 
near the laboratory. As measured by the Aquamatic 
Plus, the water content is typically 150 ppb. The N2 
dryer is a Waferpure gas purification system, model 
WGPS 030-3 1, form Millipore. The HCl is Matheson 
semiconductor grade. The HCI dryer is a Waferpure gas 
purification system, model WGPS 030-2C, from 
Millipore. The HBr is Airco ULSI grade. The HBr 
dryer is Waferpure mini XL integrated filter/purifier, 
model WPMV 200 SB, from Millipore. The Waferpure 
systems include particle filtering to 0.05 pm and are 
specified to reduce moisture to < 1 ppb for N2, < 10 ppb 
for HCl, and < 100 ppb for HBr. 

Optical components. - The layout of the optical 
components is described in reference 3. Newer designs are 
discussed in the results section. The spectrometer is a 

Nicolet 800 which is purged with N2 which has been 
dried to about 100 ppb of moisture with a molecular 
sieve. A box has been built around the instrument to 
improve the purge. A movable mirror in the 
spectrometer serves to switch the beam between two 
detectors. One measures the water in the sample cell plus 
the background water. The other measures the 
background water only. 

The optical sample cell is fiom Axiom Analytical 
Incorporated and has eight nickelcoated brass tubes of 2 m 
length and 1.25" diameter. It has a folded, single-pass 
design with two 45" mirrors at the end of each tube. The 
mirror assemblies can be repositioned on the tubes to give a 
configuration of 2,4,6, or 8 tube lengths. 

RESULTS AND DISCUSSION 

FTlR results. - The corrosive gases HC1 and HBr, 
which are of primary interest in this work, are strong 
absorbers of infrared radiation. Figs. 1 and 2 show the 
position of their absorption bands. The pure gas 
absorbances are so strong that anomalous spectra are 
recorded. Hence, the narrow bands tend to merge an4 in 
the case of Fig, 2, the center portion of the spectnun dips 
downward. The water bands in the 3600 to 3900 cm-' 
region are sufficiently removed from these spectral 
interferences to allow sensitive detection. 

To arrive at a dbration for the instrument, the 
intensity of the water spectrum is plotted verses the reference 
water concentration." Both the Meeco Aquamatic Plus and 
the permeation tube were used as reference methods, with 
no discernible systematic difference between them. The 
spectral response is put in terms of arbitrary intensity units 
by the multivariate method known as classical least squares 
(cLS).* Repeated calibrations gave an average calibration 
result of 109 ppb per CLS unit, with a standard deviation of 
13 ppb per CLS unit. In more conventional terms, the 
3744.5 cm-' band has a peak absorptivity of 5.3 x lo-' ppb" 
m-', under the conditions of the e~periment.~~ To date, our 
calibration results are for water in N2 only. The calibration 
in HC1 is presently being studied. 

To estimate the precision of the determination, Fig. 4 
shows one set of calibration data in the form of a cross- 
validated CLS 
which is essentially a standard deviation about the target 
value represented by the 45 degree line, is 18 ppb. Since 
this value is similar to the precision of the reference method, 
we suspect that there is a significant contribution to the SEP 
fiom the reference method. To determine the precision of 
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the water determination apart from errors due to the 
reference methods, the measurement was repeated about 50 
times on a stable sample. By this method, the one sigma 
precision, which we equate with detection limits, was found 
to be about 10 ppb for water determinations in N2, HC1, and 
HEWs5 These results were obtained with a path length of 8 
m. Although improvements of about one order of 
magnitude are possrile,5 we expect most future 
implementations of this technology to have about 10 ppb 
detection limits. It will generally prove expedient to trade 
some of the potential sensitivity for a shorter measwement 
time and a shorter path length. 

Issues in dealing with HCI and HBr. - Conditioning 
the cell is necessilly to produce an accurate determination of 
water concentration. The procedure is to dry the cell by 
heating and purging with dry N2, and then equilibrate the 
cell with the gas containing the water level of interest. For 
determining water in N2 the entire procedure requires about 
two hours. @owever, ifthe changes are small between 
subsequent samples, the drylng step can be eliminated and 
the equilibration takes typically 15 to 30 minutes.) For HCl, 
the cell equilibration time &r N2 d y n g  is much longer. 
For HBr, it is longer still. Apparently, there is considerable 
water left on the cell walls when equilibrium is reached with 
the flowing N2. A cell that is well conditioned in N2 turns 
out to be a significant source of water when the gas stream is 
switched to HCl or HBr. 

The ideal situation for water determination in HCl 
and HBr is to leave the cell in a continuous and 
uninterrupted flow of gas. Under these conditions the 
cell is always near equilibrium, as long as the water 
excursions are not large. Of course, the cell can be no 
closer to equilibrium than the rest of the gas handling 
system; a limitation that is imposed on all measurement 
tools. If this ideal implementation is not possible, then 
one must factor in the requirement for rapidly 
equilibration with the choice of cell path length. A 
longer path length, up to a point,3 gives greater 
sensitivity but requires longer equilibration. 

Determination of other impurities. - Specifications 
for impurities in semiconductor gases usually include 
water, 02, C02, CH,. Fig. 3 shows the infrared spectrum 
in the water region of all but 0 2 ,  which has only highly 
forbidden vibrational absorption  transition^.^ The 
absortivities given in the HITRAN data base indicate a 
sensitivity for COz of about 1/2 of that for water, and for 
CH, of about 1/250 of that for water. In the case of a 
mixture of these three gases the correct approach is to 
use a pure component spectrum for each of the gases in a 
three component CLS model. An optimistic estimate of 

detection limits would be 10 ppb for water, 20 ppb for 
C02, and 2500 ppb for CH,. Detection limits may 
degrade somewhat in the mixture. The exact 
performance must be determined empirically. In 
addition to the above mentioned impurities, detection of 
HCl is important for determining HBr purity. Fig. 2 
shows that FTIR is well suited for this application. 

Optical methods. - Optical methods for 
determining water vapor have the advantage that they 
are generally compatible with corrosive gases. On the 
other hand, all of the non-optical methods, known to the 
authors, have limited compatibility with corrosive gases. 
A creative method of adapting the latter methods has 
been suggested.” Water from a corrosive gas stream is 
deposited on the walls of a stainless steel tube. The gas 
stream is then changed to a non-corrosive gas which 
flushes the deposited water into the instrument. 
Although this method has been used in research 
applications, routine commercial applications are yet to 
be established. Problems may arise with the HCl or HBr 
clinging to the walls and not disappearing abruptly when 
the carrier gas stream is changed. We suspect that this 
method will reduce but not eliminate corrosion damage 
andor false readings due to the corrosive gas. 

There are a number of optical methods, in addition 
to FTIR spectroscopy, that can be used for water 
determination. G. H. Atkinson will cover the topic of 
intracavity laser spectroscopy in this conference.” Detection 
limits in the low parts per trillion (ppt) have been 
demonstrated with the laser placed in an ultra-high vacuum 
chamber. The detection limit for a commercial version of 
this technology will likely be a few hundred ppt, with the 
limitation being the water vapor in the beam path outside of 
the sample cell. Much progress has been made on the 
questions of linearity of response, dynarmc range, and 
calibration. Reducing the cost to less than $50K remains a 
goal. 

The technique known as wavelength modulation 
spectroscopy has recently been applied to water detection. A 
single-mode diode laser is modulated at MHz or GHz 
frequencies in order to produce optical  sideband^.'"'^ The 
modulation is typically accomplished by varying the 
injection current. DifEerences in the sample’s absorbance 
between upper and lower sideband pairs appear in the 
detected signal at harmonics of the modulation frequency. 
Although the early work was aimed at low pressure 
applications, our recent experiments have demonstrated the 
applicability of this technique to water detection at one 
atmosphere. In collaboration with Southwest Sciences of 
Santa Fe, New Mexico our proof-of-principle experiment 



yielded an detection limit of 0.3 ppb for a 25 m path length. 
One of the strongest absorption line accessible to III-V 
semiconductor diode lasers is at 1.3925 pm. A distriiuted 
feedback laser matched to this frequency was p u r c W  
from Sensors unlimited and used in the demonstration. Fig. 
5 shows the second derivative scan of a single water vapor 
line obtained with a setup equivalent to that described in 
reference 13. Recently a paper has appeared on the 
application of lead-salt lasers for water detection near 6.863 
pm.” mese experiments were essentially identical to those 
described above, except for the spectral region. The 
detection limit reported was also similar. 

As with intracavity laser spectroscopy, the sensitivity of 
modulation spectroscopy may ultimately be limited by the 
water vapor in the beam path outside of the sample cell. 
However, in an instrument based on modulation 
qedrompy, the beam path external to the sample cell can 
be largely confined to optical fibers, with the free space 
propagation of the beam reduced to as little as 20 pm. Note 
that liquid water in the fikr has a very Werent spectnun 
from water vapor and provides no background interference, 
The use of optical fibers also lends itself to multiplexing 
many sample cells to a single a central location which 
houses the expensive components such as the source, phase 
sensitive detection electronics, and computer. 

Additional sensitive optical detection schemes may 
receive attention in the future for water vapor detection. 
Especially noteworthy are thermal lensing,I6 
photoionization,” and cavity ring-down spectroscopies.’* 

In thermal lensing spectroscopy, a laser is tuned to a 
convenient absorption band causing local heating in the 
sample gas. A probe laser, chosen to be non-resonance, 
is aligned more or less collinear with the heating laser. 
The small disturbance in refractive index, caused by the 
heating, defocuses the probe laser and is detected by a 
pinholdphototube arrangement. 

In photoionization spectroscopy, metal electrodes 
are placed in the sample gas. A laser is tuned to a 
convenient absorption band and brought to a focus in the 
gap between the electrodes. The ionization current is 
detected via the metal electrodes. Although this 
technique is very sensitive, it is not known, at least by 
the present authors, whether there will be sufficient 
selectivity to detect water in the presence of much higher 
amounts of HC1 and HBr. 

In cavity ring-down spectroscopy, a laser pulse 
tuned to a convenient absorption band is introduced into 
a high Q cavity which contains the sample gas. The rate 

of decay of the pulse is related to the number of 
absorbing molecules in the cavity. The main concern 
surrounding this technique is maintaining the high 
reflectivity of the mirrors over time in adverse 
conditions, for example, those presented by a corrosive 
gas. 

The last three methods discussed have fundamental 
sensitivities similar to modulation spectroscopy. 
However, empirical studies must be performed before we 
can codidently state the detection limits for the present 
application. All three methods enjoy a tremendous 
potential advantage over FTIR, intracavity laser, and 
modulation spectroscopies. The advantage is that they 
can readily be configured so that there is no signal 
originating from the optical path outside of the sample 
cell. 

Dealing with background water in the FTIR 
instrument. - There are two principal options, when 
designing an FTIR instrument, to deal with the 
interference arising from water vapor in the beam path 
outside of the sample cell. First, one may quantlfy the 
water background and subtract it from the measurement. 
Second, one may remove the water vapor to the point of 
having a negligible background. 

Measuring the background water is accomplished by 
providing an alternate beam path to the detector that 
bypasses the sample. In a recent design we have used 
movable mirrors to alternately acquire the signal in the 
two beam paths. The precision for each of the two 
measurements is about 5 ppb (depending on the path 
length and measurement time). This precision has been 
shown to be essentially constant for water vapor levels 
from 50 ppb to at least 1 ppm. In designing a dual beam 
instrument, it is important to consider the stability of the 
background over the time required to make the two 
measurements. Our present designs reduces this error to 
about 2 ppb. With a new design, for which we have 
recently submitted a patent application, the two channels 
are measured simultaneously, thereby eliminating 
background drift as a source of error. 

Since a pressure of lov6 torr corresponds to about 1 
ppb of moisture at atmospheric pressure, the background 
water signal can be nearly eliminated by using a high 
vacuum FTIR instrument. This improves the detection 
limits by requiring only a single spectrum for complete 
sample determination. A shortcoming is that 
maintaining and monitoring the vacuum may be a 
nuisance. Also, reasonably priced, compact FTIR 
instruments are, at best, evacuable to about lo5 or 



torr. This level of water signal may not be negligible in 
the most demanding applications. Furthermore, small 
leaks may establish gradients of water vapor 
concentration throughout the instrument that are not 
adequately monitored by a pressure gauge near the 
pump. So, even this type of instrument may require one 
to directly monitor the water in the instrument. One 
option is to employ a residual gas analyzer for this 
purpose. Yet, why not use the spectrometer itself to 
accomplish the monitoring task? This requirement 
draws us back to a dual beam design. It seems the 
ultimate instrument is one that uses evacuation to reduce 
the background and a dual beam design to monitor the 
background. 

CONCLUSIONS 

FTIR spectroscopy is rapidly becoming a standard 
method for determining the trace water content of 
semiconductor gases. Detection of other impurities is 
also possible. Compact, semi-portable instruments will 
have a detection limit for water of about 10 ppb. Design 
issues are generally well understood, so that it is 
possible, with available building blocks, to customize an 
instrument for a particular application. The cost will be 
about $15K for an accessory and about $50K for a turn- 
key system. Other optical techniques are being 
investigated and may fill certain niches in the near 
future. However, the low cost, simplicity, and wide 
applicability of the FTIR approach will insure its 
continued popularity. 
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Fig. 1 Spectrum of about 10 ppm of water in HCl. The path length is 16 m. The fact that the individual HCI 
lines are merged into a broad band is an artifact of the instrument caused by the very high absorbances. 

1.8 

1.6 

1.4 

1.2 

1 .o 
0.8 

0.6 

0.4 

0.2 

0.0 

2000 2400 2800 3200 3600 4000 

Frequency, cm-1 
Fig. 2 Spectnun of about 1.5 ppm of water in HBr. The spectrum of contaminant HCl is also visible. The path 

length is 8 m. The fact that the individual HBr lines are merged into a broad band is an artifact of the 
instrument caused by the very high absorbances. 
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Fig. 3 Absorption spectra for water, C02, and C& in N2 carrier gas. The spectra were generated from the 
HITRAN data base9 for the conditions of the present work. 
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Fig. 4 Cross-validated prediction plot for water in N2 with the reference values provided by the permeation tube. 
The SEP is essentially the precision of the determination including errors in the reference method. 

WAVELENGTH 
Fig. 5 A second derivative spectrum of the water vapor band at 1.3925 p n  obtained by the method of wavelength 

modulation spectroscopy in collaboration with Southwest Sciences. The path length is 11 cm and the 
concentration is 3750 ppm at ambient temperature and pressure. The minimal detectable absorbance is 
1.2 x lod, which corresponds to a detection limit of 0.3 ppb at 25 m path length. 
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