
                           

Effective Method to Evaluate CVD Cleaning Gases for PFC Emission Reduction and Total Cost Saving
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Abstract
For Perfluorcarbon (PFC) emission reduction, it is essential to identify an alternative cleaning gas that is both compatible

with existing hardware and requires only minimal cost and process modifications. In this paper, we will illustrate the successful
replacement of C3F8 with c-C4F8 in the PECVD chamber-cleaning process, which results in substantially reduced PFC
emissions, manufacturing costs and cleaning time by an effective and complete evaluation method in Novellus Concept-2 tools.
In addition, the critical emission factors of these gases (C3F8 and c-C4F8) are proven to agree with the Intergovernmental Panel
on Climate Change (IPCC) 2006 publication in this study.

Introduction
PFC emission reduction has been a heated topic of discussion for the global warming issue over the past decade.  In the

semiconductor industry, many solutions have been introduced to the market including additional abatement systems, chamber
cleaning gas recipe optimization, tool modifications, and alternative cleaning gases for older PECVD tools. While chamber
cleaning efficiency continues to improve with the new generation of chemical vapor deposition (CVD) tools, achieving an
effective cleaning that is economical and practical for reducing PFC emissions in older PECVD tools remains a challenge.
“Older PECVD tools” can be defined as 200mm wafer size and smaller, using CxFy in-situ chamber cleaning gases rather than
NF3 (clean gas for new equipment).  To balance the factors of cost of ownership and environmental protection the proper gas
source selection has been found to be the most efficient solution. [1,2]

The predominant semiconductor PFC emission for older PECVD tools is Hexafluoroethane (C2F6), which is used at 30%
efficiency in typical chamber cleaning, processes.  This results in 70% of the input gas being emitted.  The utilization efficiency
of alternate cleaning gases such as Octafluoropropane (C3F8) is approximately 30-60% while cyclic-Octafluorobutane (c-
C4F8) is in the range of 70-90% [1]. In this study, we demonstrated a process for converting C3F8 cleaning to c-C4F8 by using
an effective analysis method from multiple perspectives.

Experiment
The experiment was conducted in a Novellus C-2 PECVD tool using the C3F8 cleaning recipe as a baseline reference.

The same deposition recipe was used to keep film composition and thickness constant while varying chamber pressure, cleaning
gas flow and O2 flow in the c-C4F8 cleaning recipe. The various c-C4F8 conditions were developed by Design of Experiment
(DOE) for the high-pressure regime of the clean recipe using a three level Box-Benhken matrix, Table.1.

The chamber cleaning endpoint was monitored and verified using the Optical Emission Spectrum (OES) embedded on the
chamber. The DOE process data was calculated by using MINITAB. During the production test, film properties (thickness,
uniformity index, particle count and stress), product electrical and yield performance, as well as tool and parts appearance were
evaluated.

The exhaust gases emitted during the cleaning processes were monitored using Fourier Transform Infrared Spectrometry
(FTIR). The exhaust gas was extracted via a sampling pump from a sample port downstream of the process pump, and directed

RunOrder C4F8 flow O2% Pressure
1 500 82.5 3.0
2 400 88.0 2.8
3 600 83.0 2.8
4 400 75.0 3.0
5 500 82.5 3.0
6 600 82.5 3.2
7 400 82.5 3.2
8 600 75.0 3.0
9 500 75.0 3.2

10 600 82.5 3.0
11 450 87.0 3.0
12 400 82.5 2.8
13 500 82.5 3.0
14 450 85.0 3.2
15 500 75.0 2.8

Table.1 DOE matrix of c-C4F8 designed by MINITAB



                           

through a MIDAC FTIR analyzer to quantify the species of interest (CxFy, SiF4, COF2 and CF4). The sample was returned to
the exhaust line downstream of the sample port.

Result & Discussion

 The model analysis of PFC, cost and cleantime
In this study, we selected c-C4F8 as the candidate to be evaluated for comparison with C3F8 for cleaning deposition films

in a Novellus Concept-2 PECVD tool. Process trends can easily be determined through MINITAB from the results of the DOE
matrix by recording OES measurement data, Figure 1. The results show the most efficient O2 concentration with c-C4F8
cleaning gas is approximately 75-78%. The clean time was found to be reduced as a function of reduced chamber cleaning
pressure..

The chamber cleaning time, gas usage, cleaning efficiency and PFC emissions were calculated from FTIR and OES
measurement results for each experimental condition. The gas usage was calculated based on the cleaning time from FTIR and
the mass-flow controller (MFC) flow setting. Using the following equation, the researchers were able to integrate the total
volumetric output of CxFy and CF4 during those cleans to calculate PFC emissions in the form of kilogram carbon equivalents
(kg CE):

Kg C = ∑Qi x (12/44) x GWPi

In this equation, for every species that contributes to global warming, Q is the amount of gas (kg), and GWP is the global
warming potential (100 year integrated time horizon [1TH]). The 100yr 1TH values used for C3F8 and c-C4F8 are 7000 and
8700 respectively.

We observed significant benefits in PFC emission reduction, with c-C4F8 reducing PFC emission by 67% vs. C3F8 in the
high pressure (HP) step, and 55% emission reduction vs. C3F8 in the low pressure (LP) step.  In addition, gas usage was greatly
reduced vs. C3F8.  Results indicated that c-C4F8 provided a 36% usage reduction vs. C3F8 in HP and a 28% gas usage
reduction in LP. Furthermore, this optimum recipe shortened overall cleantime with a 10% reduction by moving from C3F8 to
c-C4F8, allowing the Novellus Concept -2 tool to improve wafer throughput, Figure.2
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Figure 2. The final result by FTIR measurement from the
optimum c-C4F8 recipe

Figure 1. clean time v.s. c-C4F8 flow, O2 ratio and pressure
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 The final stability test in production
Reproducibility of the results was tested using the optimum recipe in mass production for three months. The recipe was

found to exhibit stable performance of c-C4F8 comparing with C3F8, as indicated in Figure.3.

 Verify the key factors of “1-Ui” and ”Bi” in PFC emission (C3F8 v.s. c-C4F8)
IPCC published feature factors for PFC calculation in 2006 is as Table.2 [3].  In this study, we also verified these factors

by experiment using the FTIR results, Figure.4.  When comparing C3F8 and c-C4F8 results, the effective emission factor, 1-Ui,
after cleaning process in the chamber for C3F8 is 0.41-0.56 and c-C4F8 is 0.14-0.22. This means that 41%-56% of C3F8 used
in process is emitted as C3F8 and 14%-22% of c-C4F8 used in the processes is emitted as c-C4F8. The byproduct emission
factor, BCF4, after the cleaning process in the chamber for C3F8 is 0.10-0.27 and c-C4F8 is 0.10-0.18.  Which means 10% to
27% of C3F8 is converted to CF4 and 10% to 27% of c-C4F8 is converted to CF4 in the cleaning process. Un-reacted C3F8,
un-reacted c-C4F8, and byproduct CF4 are critical PFC gases which contribute to the global warming issue. The final results
from this project are consistent with the IPCC published data in the literature, Table.3.

Figure 3. Monitoring particles and uniformity

Table.2 Default emission factors for FC emissions from semiconductor manufacturing  [3]



                           

 Cost of ownership saving and PFC reduction
A final cost assessment was made and we found that c-C4F8 delivered a dramatic total cost savings of approximately 24%

when compared to the existing C3F8 recipe. In addition, PFC emissions vs. C3F8 could be reduced by 61% with the optimum
recipe, Table 4.  Clean time reduction from the c-C4F8 optimum recipe also allowed us to benefit with a 10% throughput
improvement vs. C3F8.

The parts lifetime using the optimum recipe with c-C4F8 delivered improved or equal performance than base line in the
past.

Conclusion
In this project, we developed an optimum recipe using c-C4F8 successfully in various processes of Novellus Concept-2

CVD tools and then successfully passed process reliability tests over a three month period. We also found the added value of
throughput improvement and PM cycle time extension by effectively using this methodology.  In addition, we verified the
results of feature factors from different CxFy gases, which were in agreement with the data in IPCC literature. In accordance
with this complete study, the chamber cleaning gas replacement approach using c-C4F8 is a simple and efficient “drop-in”
process to be qualified, without any hardware modification or SHE concerns in operation.  In addition to the dramatic
environmental benefits, the c-C4F8 optimum recipe was also successful in reducing the production costs in wafer
manufacturing at Fab 8D.

Remark

1-Ui Bi-CF4 1-Ui Bi-CF4

IPCC Tier 2b 0.4 0.1 0.1 0.1

Test Value from the
particle experiment 0.41-0.56 0.10-0.27 0.14-0.22 0.10-0.18

Key Emission Factors
C3F8 c-C4F8 Ui: Utilization factor

1-Ui: Emission factor
Bi: Byproduct emission factor
Ci: Concerntration measured by FTIR
Ui=1-Ci(RF-ON) / Ci(RF-Off)

Bi=Mass i / Mass CxFy
Mass=Density i  x Ci

Table.3 Comparison of emission factors for FC emissions from literature v.s. experiment

Figure 4. FTIR graph of current C3F8 process performance (a) v.s. optimum c-C4F8 process (b)
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