GASES/GAS HANDLING

Hydrogen bromide cylinder gas ppb-level

water vapor measurement

EXECUTIVE OVERVIEW

With continuing ITRS-driven requirements for lower impurities in essential raw materials,

the precise measurement for water vapor concentration in hydrogen bromide is a

specification essential for semiconductor fabrication. Cavity ring-down spectroscopy
(CRDS) can measure water vapor impurity at part per billion (ppb) levels in HBr.
However, two factors affect the accuracy of measurements from cylinder sources:
the cylinder temperature and the sampling time. Appropriate data processing using
thermodynamic principles provides accurate H,O characterization while reducing

measurement time by 50%.

he measurement of trace water vapor in

corrosive gases such as hydrogen bromide

(HBr) used in semiconductor manufac-

turing is essential to maintain process
consistency and maximize device yields. Water
vapor impurity not only causes corrosion of gas
delivery systems, resulting in particle contami-
nation and component failure, but also partici-
pates in wafer chemistries, potentially leading
to electrical defects. CRDS has become the
method of choice for water vapor impurity
detection in corrosive gases [1-6).

CRDS for quality control of water vapor
impurity in HBr cylinders requires using
the instrumentation in production environ-
ments. Two factors greatly influence detection
accuracy: cylinder temperature and sampling
time. The water vapor concentration measured
in a cylinder’s gas phase is determined by
the phase equilibrium between the gas and
liquid phases. Considering an HBr cylinder
containing trace amounts of water, where gas is
beingwithdrawn ata relatively low flow rate and
cylinder temperature is not fluctuating much
during sampling, it is safe to ignore materia}
loss and cylinder volume changes. Thus, the
cylinder can be regarded as a two-phase two-
component system; phase equilibriuim is mostly
dictated by cylinder temperature.
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The water vapor concentration recorded by
CRDS is influenced by the relatively slow equil-
ibration time of water impurityin the sampling
system and cavity. When flowing HBr gas
through the sampling manifold and the CRDS

instrument, it takes some hours of “wet-up”

for the CRDS sample cell to reach dynamic
equilibrium. Water vapor trace curves can be
fitted with the proper equations to obtain the
concerntration value at equilibrium.

Within a certain temperature range, the
gas-phase water concentration for cylinders
can be normalized to corresponding levels
at a chosen temperature by using thermo-
dynamic principles. We modeled the equili-
bration process of water concentration in the
sampling manifold and CRDS sample cavity,
and used 4 set of water vapor readings recorded
by CRDS in alimited time span to extrapolate
the actual water concentration at equilibrium,
This compensates for the equilibration effectin
the sample manifold and cavity, and shortens
measurement time.

Experimental

The experimental work was conducted using
a Tiger Optics model MTO-1000 CRDS
instrument, an HBr cylinder, a purified N,
purge tee, a Matheson Tri-Gas model L-500
Nanochem Metal-X purifier, and a temper-
ature tracking unit, which consisted of several
thermocouples and an Omega model DC-
3000 data logger. The thermocouples were
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placed at appropriate locations to track the
temperature of the cylinder’s liquid and gas
sections, the gas lines, and the surrounding
air. All the sample gas lines were heated to
~65°C using a PID controller to limit temper-
ature variation in the sampling syster.
Based on the ensemble Henry’s Law, the
final equation that models the water vapor
concentration in the gas phasé of an HBr
cylinder can be approximately written as:

In [H,0(g)] =-A/T +B

where [H,0(g)] is the water vapor concen-
tration (ppb) in the gas phase of an HBr cylinder,
Tis cylinder temperature in Kelvin, coefficient
Ajsmainly related to the vaporization energies
of water and HBr from the liquid phase, and -
coefficient B is related to various correction
terms, including initial water vapor content
in the liquid phase, cylinder pressure, and
deviation from ideal state.

To check the equation’s validity; a series of
HBr cylinders with low single-digit ppm water
vapor levels were analyzed by CRDS in the
3°Cto 32°Ctemperature range. A flow rate of

~1 slpm was used to limit the loss of material,
and thus the perturbation of the system.
Temperature was detected using thermo-
couples attached below the liquid level and
on the outer surface of the HBr cytinder.

Figure 1a shows the water vapor level
in HBr gas measured from a cylinder at
ambient temperature over 9.5 hrs. Measure-
ments were made from ~6:30 am to 4:00 prn,
while the ambient temperature increased
from ~20°C to 24°C. The water vapor reading
followed the same trend, with higher concen-
trations measured as temperature increased.
A plot of the natural Jogarithm of the gas-
phase water vapor concentration vs. inverse
temperature results in a straight line with a
correlation coefficient of 0.9859 (Fig. Ib).

continued on page 48
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More stringent CRDS H,O measurernents
were performed for HBr cylinders equilibrated
at fixed temperatures. The data set showed

linearity with a correlation coefficient of 0.9726.

Slopes (parameter A in the equation) for plots
ofall data sets from various cylinders were very
close to one another, cleatly confirming that
coefficient A is a constant.

With the coefficient A value, for each CRDS

water vapor concentration reading at temperz-
ature T2, one can calculate the corresponding
coefficient B value. Then with both coefticient
A and B values known, one can calculate the
corresponding water vapor concentration at
another temperature T1. The normalization
result for the 9.5-hr trace obtained using this
method is shown by the dark blue line of
triangles in Fig. la. After normalization to 21°C,
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Figure 1. a) CRDS trace of water vapor concentration in an
HBr cylinder (green) equilibrated with ambient temperature
(dork blue), olong with actual temperature (red), and

b) o linear fif of the natural logarithm of water vapar concen-
fration versus the inverse of cylinder temperature,

the recorded water vapor curve (green squares)
becomes a straight line with nearly constant
water vapor concentration.

Figure 2 shows a real-case scenario of a
cylinder in agas cabinet thatis equilibrated with
ambient temperature. As shown by the green
line, after an initial “wet-up” stage, the CRDS
trace of water vapor concentration continues
to increase following the cylinder temper-
ature during the course of analysis. Using this
method, the water vapor concentration was
also normalized to a steady level for a fixed
temperature at 21°C (dark blue), except for the
wet-vp stage. These exanples demonstrate that
the modeling method employed and the vapor-
ization energy related coefficient A generated
are adequate for temperature normalization of
the CRDS water vapor concentration data.

A typical CRDS water vapor trace has
two sections: an initial “wet-up” section
as water vapor in the sample gas wets the
surfaces of the dry sampling manifold
and CRDS cell, and a second equilibration

continued on page 50



GASES/GAS HANDL'NG continued from page 48

section. The latter represents the water vapor
varying gradually due to both further equili-
bration of water vapor in the system and the
variation of cylinder temperature as a result
of the variation of ambient temperature.

‘The red dashed line in Fig. 2 shows an
exponential fit of the temperature normalized
water vapor trace, which produces the final
water vapor concentration at 21°C.

Assessment of models

Data were collected and processed for over 30
HBr cylinders either held at fixed temperature
or allowed to fluctuate with ambient room
temperature. Overall, both the temperature
normelization and exponential fitting produce
satisfying results. All the water vapor concen-
tration traces can be normatlized to steady
levels at 21°C. This shows that the method
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Figure 2. Temperofure normalization (dark blue) and expo-
nential fit (red) of water vopor trace (green) at ombient tem-
perature by CRDS.

and the vaporization energy-related coeffi-
cient A generated are adequate for temperature
normalization of the CRDS water vapor data.

The exponential fit results give the final
water vapor concentration at 21°C and the
sampling system's wet-up trend from the
start of the CRDS measurements. The latter is
useful in judging how long the CRDS should
be run for measuring water vapor in the HBr
cylinder. A close analysis of the extrapolation
results using data collected in various time
spans suggests that the length of the CRDS
measurement can be significantly reduced,
while still allowing an accurate extrapolation
of the exact water vapor concentration.

The differences between the 3-hr extrapo-
lation results and those from shorter detection
periods are presented for 24 cylinders in the
table (see p. 52). The first column lists the
extrapolated water vapor concentration
values at 3 hrs detection. Columns 2-6 list
the percentage differences between the 3-hr
extrapolation results and those for shorter
detection periods. The percent root-mean-
square (RMS) deviation of the shorter period
values from 3 hr results are listed in the last
row. The results show only 3.38% and 5.39%
RMS deviations from 3-hr analysis results for
those of 2- and 1.5-hr runs. Depending on
intended QC specifications, one can reduce
the analysis time to 2 hrs or even shorter. This
minimizes analysis time and material usage,
both of which contribute to reducing costs.

Conclusion

With the two approaches developed in this
work, we are able to detect the gas-phase
continued on page 52
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' H,0 (ppm) at 3 hr
0.98
0.822
0.999
0.897
0:328
0.567
0.704
0.135
0.139
028
0.257
0.571
0.594
0.772
0.758
0.162
Q.579
0.536
0.463
0.956
0.745
0.777
0.957
0.943
RMS deviation (%)

2 hrs
061
-2.68
5.1
-3.68
5.18
0.35
213
1.48
3.60
8.13
70
0.70
1.35
1.68
-0.40
3.70
553
1.31
4,54
0.00
-2.95
3.60
0.947
0.944
3.38

% difference from 3-hr result

1.5 hrs 1 hr
112 357
-5.35 -8.64
-8.91 -10.21
-4.24 -5.46
. 8.84 12.50
0.53 0.71
3.13 3.69
2.96 4.44
6.47 935
13.01 18.70
-4.28 6.23
1.75 1.58
2.53 421
220 337
-0.66 -0.40
6.79 11.73
8.98 12.44
1.49 -0.37
5.40 7.99
-0.42 0.84
-3.76 -3:22
5415 6.44
0.937 0925
0.944 0.928
5.39 7.60

The 3-hr CRDS extrapolated water vapor concentrations and their
deviations for shorter sampling times

45 min. 30 min.
-4.49 -2.45
-12.65° -17.03
-9.51 5
-4.46 -10.93
15.24 20.43.,
1.94 14.64
3.98 11293
6.67 y i
2395 1:2.95
21.14 26.83
-5.84 3.1
3.33 19.61
6.57 19.70
4.92 11.92
0.13 3.03
17.90 54.94
14.16 17.44
-2.05 -5.22
9.50 14.90
2.30 14.44
-1.88 1.61
6.44 13.26
0.919 0.909
0.916 0911
9.28 17.60

water concentration in HBr cylinders in a
relatively short time, normalize for temper-
ature variation, and extrapolate the actual
water vapor concentration to that at t_.
This has enabled HBr QC processes to be
optimized for production conditions, with
resulting intrinsic improvements in 3o values
and cost of ownership reduction. '
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