GASES/GAS HANDLING

Removal of metal carbonyl and moisture impurities through

POU purification of CO gas

OVERVIEW An elaborate testing methodology is used to study the
impurity removal characteristics of point-of-use carbon monoxide gas

purifiers. Test results demonstrate efficient removal of impurities, such
as harmful metal carbonyls and moisture, from carbon monoxide gas. In
addition to reviewing those results, this article discusses how a unique
purification technology would benefit certain wafer-processing applica-

tions such as plasma etch.

arbon monoxide (CO) finds various applications within and
outside the realm of semiconductor manufacturing. Its appli-
cation as a selectivity enhancer in plasma etch processes has
gained widespread acceptance within the semiconductor
industry. This application has picked up greater momentum with the
advent of very large aspect-ratio features and increased the need for
more selective etch processes. CO is also used in the synthesis of car-
bon nanotubes [1, 2]. Various processes have been reported for the
manufacture of nanotubes, and
CO is used as the primary feed-
stock gas in a majority of those
processes.
CO is widely used as an addi-
tive with fluorocarbon gases to

Table 1. Initial cleanliness test results and low

metal-carbonyl challenge efficiency testing

Impurity concentration downstream of purifier (ppbv)
(Average removal efficiency, %)

moisture and up to 0.5ppm each of nickel and iron
carbonyl [4]. Of greater concern s the fact that CO
reacts with many metals, most notably nickel and
iron, to form volatile metal carbonyl complexes.
Such metals are common constituents of delivery
systems and delivery line components, leading
to an increased risk of metal carbonyl formation
downstream of the gas source. Formation is accel-
erated at higher pressures and also occurs more readily with the pres-
ence of moisture impurity [5]. The relatively high volatility of metal
carbonyls increases the risk of these impurities entering the process
chamber. Gas manufacturers have taken several measures to alter
the materials used in the storage and delivery of CO [6]. Addition-
ally, there have been other measures taken to reduce the exposure
of CO to nickel and iron during gas production. However, complete
elimination of metals that react with CO to form metal carbonyls is
unlikely because they are inevita-
bly present, to some extent, in gas
lines, delivery systems, and com-
ponents. Thus, the concentration
of metal carbonyls at the point
of introduction to the process
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in decreasing the etch rate of the
underlayer via the formation of a protective polymer film on the
underlayer. In addition, CO provides atomic carbon, resulting in
increased carbon concentration in the polymer and rendering it more
etch-resistant. This can minimize sidewall undercutting during high
aspect-ratio etch processes, enabling greater dimensional control.
CO has been known to contain relatively large amounts of metal
carbonyl and moisture impurities. Even 99.998% pure (research-
grade) CO is reported to have up to 1 part-per-million (ppm) of
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tion of CO assures that levels
of metal carbonyls and moisture impurities do not exceed part-
per-billion (ppb) levels when the gas enters the process chamber.

Metal carbonyls have been known to affect device quality and
wafer yield. Once they enter the process chamber, they are deposited
onto the wafer surface, resulting in altered electrical parameters. They
could be a potential source of shorts or altered contact resistance after
viaand trench etch processes. Thermal anneal steps following metal
carbonyl deposition drive these impurities into the bulk material,
thus changing bulk-silicon electrical properties. Removal of these
metal carbonyls by subsequent wafer cleans is also difficult because
they are deposited during a plasma processing step.
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Table 2. High metal-carbonyl challenge efficiency testing

a high of 12.24ppbv with the typical being between 1 and
5ppbv). The calibration curves and detection limits were

Impurity  Flow Impurity concentration downstream i i ¢ T
fate of purifier (ppbv) obtained in accordance with Sem1 spec C10-0299, “Guide
(slpm) (Average removal efficiency, %) for Determination of Method Detection Limits.”
Pall A0S0 Pall A0O82 Pall A0O81 Purifier B . .
Metal-carbonyl cleanliness testing
Ni(CO), 025 8.16-8.64 164-2.02 297-314 1.42-244 The initial metal-carbonyl cleanliness testing was per-
(99.991) (99.998)  (99.997)  (99.998) formed to investigate whether the POU purifier generates
0.5 298-348 3.26-438 217-219 Breakthrough any nickel and/or iron carbonyls upon initial installation.
(99.997) (99.996)  (99.998) It further establishes the out-of-package cleanliness of
1.0: 2.84-296 070-25 150-159 Breakthrough the sample and the instrumentation background levels.
(99.997) (99.998)  (99.998) The test was conducted at room temperature with a
Fe(CO).  0.25 FrTH0S T LDEraepi s {2063 & 03714 flow rate of 1 standard liter/minute (slpm) of UHP CO.
(99.986) (99.999) (99.999) (99.999) It should be noted that the POU CO purifiers are rated
05 oN3.285 {73267 | D90-GO1 097108 for service at flow rates up to 3slpm. A total of three
i (99.998) (99.998) (99.999) (99.999) C-Seal purifiers and one commercially available POU
1.0 1 53-1.63 1.29-1.29 0.55-0.62 Breakthrough cO puriﬁer were tested and the downstream (of the POU
(99.998) (99.999) (99.999) purifiers) metal carbonyl levels were monitored for 1 hr.

In addition to accelerating the generation of harmful metal car-
bonyls, moisture impurity in CO may also lead to unpredictable
changes in the etch rate and subsequent corrosion in the underlying
metal for dual-damascene via etch processes [7].

A purification material developed by Pall removes metal carbon-
yls, moisture, O,, and CO, from CO gas by the following four mecha-
nismes: direct chemisorption; dissociation of the impurity followed by
dissolution or reaction with the purification material; chemisorption of
dissociation reaction products; and chemisorption and/or physisorp-
tion on the substrate. Test data presented here reveals a strong affinity
of the purification media toward metal carbonyl and moisture impu-
rities in CO gas. The purifier is integrated with a built-in particle filter
capable of removing =3nm particles with 9-log efficiency.

A study assessed three key characteristics of CO POU purifiers:
efficacy of the purifier to remove molecular impurities such as metal
carbonyls and moisture from CO gas; the capacity to remove metal car-
bonyl impurities; and the captured metal-carbonyl desorption behav-
ior of the purifier upon undergoing substantial utilization.

Experiment and results

Three Pall 1.125-in. C-Seal top-mount purifiers were tested for metal-
carbonyl removal performance using a gas chromatograph equipped
with an electron capture detector (GC-ECD). A successful commer-
cially available POU CO purifier produced by another manufacturer
(referred to as Purifier B) was tested simultaneously for comparison
purposes. Nickel and iron carbonyl were the only metal carbonyl
species monitored, as significant quantities of these two species are
present in ultrahigh-purity (UHP) CO gas due to the high reactiv-
ity of nickel and iron with CO.

The testing apparatus consisted of cylinder sources of purified and
metal carbonyl impurity-laden CO, a customized gas sampling sys-
tem, and precision mass flow controllers (MFC) that were calibrated
in CO prior to testing. Lower detection limits (LDL) of 0.7ppbv for
Ni(CO), and 0.3ppbv for Fe(CO). were established for the instru-
mentation prior to testing. However, background levels in the instru-
ment while measuring the zero CO source (APCI BIP-grade gas
with additional in-line purification) for both metal carbonyls fluc-
tuated during the testing (e.g., Ni(CO), varied from a low of 0.72 to
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The results from the testing are outlined in Table 1. The
manifold system with all its components (except the purifier sam-
ples) was “conditioned” prior to testing to ensure that no more than
trace levels of metal carbonyls were present (i.e., to ensure no con-
tribution from the system). SEm1 Standard F30-0298, “Start-up and
Verification of Purifier Performance Testing for Trace Gas Impuri-
ties and Particles at an Installation Site,” was followed as closely as
possible throughout this testing.

Metal-carbonyl removal efficiency testing

The metal-carbonyl removal efficiency testing was conducted to
determine the efficacy of the purifiers in removing nickel carbonyl,
iron carbonyl, and moisture from an impurity-laden CO gas stream.
Semi Standard F68-1101, “Test Method for Determining Purifier Effi
ciency,” was followed as closely as possible throughout this testing.

The metal carbonyl removal efficiency testing was conducted at
both alow and a high metal-carbonyl challenge concentration. This
was done to verify that the purifier behaved similarly at both lowand
high impurity challenge concentrations.

The low-challenge testing was performed at 1.0slpm with an
inlet pressure of 5psig of CO. The challenge source was a CO cali-
brant gas-cylinder SG 9169903ABL; independent Fourier transform
infrared (FTIR) spectroscopy analysis revealed the concentrations
of Ni(CO), and Fe(CO); to be 1.56ppmv and 1.37ppmv, respec-
tively. The downstream results were monitored for a total of 2 hr
and are shown in Table 1.

The high-challenge testing was performed at varying flow rates
0f 0.25, 0.5, and 1.0slpm, starting with the lowest flow rate. The flow
rate was increased to the next level after 30 min of testing at each

continued on page 104

Table 3. Metal-carbonyl removal capacity results
Capacity (hr) at 1slpm

Impurity Pall Pall Pall Average

(100ppmv) A080 A082 A081 forPall Purifier B
Ni(CO), 34.5 355 Il 337 0.24
Fe(CO)s 363 44.3 3911 39.6 0.56
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flow rate. The challenge source was CO calibrant gas-cylinder SG
9928932A AL; independent FTIR analysis revealed that the concen-
trations of Ni(CO), and Fe(CO), were 96.9ppmv each. An inlet pres-
sure of 5psig was maintained throughout the test (see Table 2). It
should be noted that the remark “breakthrough” refers to the fact
that breakthrough or exhaustion of the purification function of the
POU purifier took place, indicating insufficient capacity.

Metal-carbonyl removal capacity testing

An accelerated life test was conducted to determine the POU CO

purifier’s capacity to remove nickel and iron carbonyls from an impu-
rity-laden CO gas stream. The testing was performed at 1.0slpm with

an inlet pressure of 5psig of CO. A high metal-carbonyl challenge

concentration source, CO calibrant gas-cylinder SG9928932A AL,
with 96.9ppmv each of Ni(CO), and Fe(CO), was used for this test-
ing. Concentrations were determined independently by FTIR anal-
ysis. SEm1 Standard F67-1101, “Test Method for Determining Inert

gas Purifier Capacity,” was followed as closely as possible through-
out the testing.

For the purposes of this testing, breakthrough was defined as
the time when the concentration of Ni(CO), equaled or exceeded
30ppbv, while capacity was the total time the 96.9ppm of each metal
carbonyl contaminant was removed to the point of breakthrough.
Table 3 displays the results of this testing. No breakthrough for
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Figure 1. Typical capacity curve, using Pall AO80 sample with Tslpm CO flow. Challenge
concentrations were 96.9ppmv for both Ni(C0),, and Fe(CO);,

Fe(CO). was observed during the testing of the samples; capacities
reported reflect the amount of Fe(CO), removed when the capac-
ity testing was terminated.

A typical capacity curve (Pall AO80 sample capacity curve shown)
is displayed in Fig. 1. The figure depicts removal efficiency instead of
the more typical effluent concentration. A graph like this takes into
account both the inlet challenge level and the effluent concentration.
A removal efficiency of 99.98% indicates an effluent concentration of
10.0ppbv with a challenge of 100ppmv. Similar capacity curves were
obtained for the other purifier samples.

Metal-carbonyl desorption testing

Because a portion of the Pall purification material is known to phy-
sisorb metal carbonyls, a desorption test was conducted on a C-Seal
purifier sample to verify that the metal contaminants were chemi-
cally bound during removal [5]. By subjecting the sample to a metal
carbonyl challenge that utilized a substantial amount of its capac-
ity and then switching to zero CO gas for an extended duration, it
is possible to see if there was any previously adsorbed Ni(CO), or
Fe(CO). released from the purifier. Any release would indicate that
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Figure 2. Desorption fest results on Pall AO83 sample with Tslpm CO flow. Challenge concen-
trations were 63.4 and 109.2 for Ni(C0), ond Fe(CO)s, respectively.

the adsorption bonding was weak and reversible (i.e., that the mechz
nism for removal was physisorption and not chemisorption).

For the purposes of this test,a new CO purifier sample labeled A08:
was challenged with Ni(CO), and Fe(CO); impurity-laden CO ga:
for a total time of 18.6 hr at a flow rate of 1slpm and inlet pressure o
5psig. The Ni(CO), and Fe(CO), concentrations in this CO calibran
gas cylinder (SG9928936A AL) were determined to be 45.9ppmv an
90.2ppmy, respectively, as determined by independent FTIR analysi
Following this, the Ni(CO), and Fe(CO), desorption behavior of the
purifier was monitored by flowing purified UHP CO gas through the
sample at 1slpm for 20 hr. The effluent CO gas was monitored througl
out this testing on the GC-ECD and the results are depicted in Fig. .

Moisture-removal efficiency and capacity testing
Two additional POU CO purifier samples (a Pall C-Seal purifier an
a Purifier B, both new samples) were tested for moisture remova
efficiency and capacity using Meeco Inc.’s Tracer moisture analyze
Literature for this instrument claims a moisture LDL of 1.0ppbyv i1
inert gas with an accuracy of +4.0ppbv. Although detection of moi
ture in CO is possible with this analyzer, the manufacturer does nc
establish a LDL for this. Both samples achieved downstream (of pur
fier) moisture readings below 1.0ppbv while being challenged wit!
approximately 100ppmv of moisture in CO ata flow rate of 1.25slpm
however, the Pall sample demonstrated a capacity of 66.3 hr whil
that of Purifier B was 6.8 hr. Semi Standard F67-1101, “Test Metho
for Determining Inert gas Purifier Capacity,” was followed as closel
as possible throughout the testing.

Discussion
The initial metal-carbonyl cleanliness test results indicate goo
startup performance of the CO purifiers. The Ni(CQ), concentr
tion remained at or near the LDL of the analytical instrument.

The removal efficiency testing revealed that the C-Seal purifier der
onstrated good metal-carbonyl removal efficiency, both at high- an
low-challenge concentrations. Furthermore, during the high-challeng
testing different flow rates did not significantly affect the removal ef
ciency of these purifiers. When used to purify UHP CO gas, whic
typically has nickel and iron carbonyl content of 0.5ppmv each, it
expected that metal carbonyl levels <1.0ppbv will be achieved; howew:
available instrumentation is limited in its ability to perform measur
ments at these concentrations.

continued on page 1(
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The metal-carbonyl removal capacity
testing revealed an average capacity of 33.7
hr for Ni(CO), and 39.6 hr for Fe(CO); for
the C-Seal purifiers. In comparison, Purifier
B exhibited a capacity of 0.24 and 0.56 hr for
Ni(CO), and Fe(CO) 5 respectively,

The desorption testing showed that no
adsorbed metal carbonyls were released, even
with a substantial purge, indicating that the
primary removal mechanism of the Pall puri-
fication material is chemisorption.

The results of the moisture efficiency and

capacity testing clearly show that both the -

purifiers can effectively achieve trace lev-
els of moisture, although the C-Seal purifier
had significantly higher removal capacity.
Additional testing using atmospheric-pres-
sure ionization mass spectrometry in inert
gas has shown that Pall’s purification mate-
rial can efficiently remove O,, H,0, and CO,
contaminants with good capacity [9]. Similar
results are expected in CO gas service,

Conclusion

‘The performance parameters evaluated and

the test methodology used in this study
serve as a basis for understanding the capa-
bilities of POU CO purifiers. It is evident
from the testing that both CO purifiers

were effective in removing low concentra-
tions of metal carbonyls to trace levels; how-
ever, only the C-Seal purifier demonstrated
a very large capacity. Even in gas service

that is expected to be ultrapure, POU CO
purifiers assure consistent delivery of CO

gas with trace levels of carbonyls and mois-
ture that may result from preventive mainte-
nance or system upsets. Such consistent gas

quality leads to more predictable and higher-
quality processes. |

Acknowledgments

The authors would like to thank the staff at l

APCI for their assistance in conducting this

testing; Barry Gotlinsky and William Mur-
phy for reviewing the paper; and Patrick Con-
nor for co-publishing the original scientific

technical report. Tracer is a registered trade-
mark of Meeco Inc.

References

L. D.E. Resasco, W.E. Alvarez, F. Pompeo, L. Balzano,
J.E. Herrera, et al., “A Scalable Process for Produc-
tion of Single-walled Carbon Nanotubes by Cata-
lytic Disproportionation of CO on a Solid Catalyst,”
I. Nanoparticle Res. 4, pp. 131-136, 2002,

2. P. Nikolaev, M.]. Bronikowski, R.K. Bradley, F.
Rohmund, D.T. Colbert, et al., “Gas-phase Cata-
lytic Growth of Single-walled Carbon Nanotubes

from Carbon Monoxide,” Chem. Phys. Lett. 313,
p. 91, 1999.

. R. Lindley, C. Bjorkman, H. Shan, B. Pu, K.

Doan, et al,, “Advanced MERIE Technology
for High-volume 0.251um Generation Critical
Dielectric Etch,” Solid State Technology, Vol. 40,
No. 8, Aug. 1997.

. Matheson Tri-Gas Pure Gases Catalog, p. 18.
. T.C. Golden, T.H. Hsiung, K.E. Snyder, Ind. Eng.

Chem. Res., pp. 502-504, 1991.

. P.C. Andersen, G. Cooper, V.H. Houlding, “The

>

Cylinder’s Impact on Metal Impurities in CO,
Semiconductor Intl.,, p. 127, April 1998.

. ]. Rosato, “Critical Cleaning Challenges for Cop-

per/Low-k Interconnect Systems,” Future Fab Intl,,
Vol. 8, July 2000.

8. P. Connor, K. Brown, “Pall Gaskleen 1.125” C-
Seal Top Mount Purifier Testing Report: Met-
al Carbonyl Removal from Carbon Monoxide,”
Pall Internal STR, Dec. 2003.

9. R.Chakraborty. K. Brown, M. Horikoshi, “Com-
prehensive Performance Testing and Character-
ization of Various Point-of-use (POU) Inert Gas
Purification Technologies Used in Microelec-
tronics Fabrication Processes,” Gases and Tech-
nology, July/Aug. 2004.

RAj CHAKRABORTY is a staff scientist for
Pall Microelectronics, 25 Harbor Park Dr.,

Port Washington, NY 11050; ph 516/801-
9283, e-mail Raj_Chakraborty@pall.com.




