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Reactive ion etching of a patterned silicon dioxide layer leaves behind a uniform fluorocarbon layer which must subsequently be
removed. Both surface and via polymeric residues form during the reactive ion etch step and their removal using H,-based plasma
clean processes is reported here. X-ray photoelectron spectroscopy was used to determine the composition of the residue. Scan-
ning electron microscope images were taken before and after the dry clean treatment to determine the effectiveness of the residue
removal process. A radio-frequency-generated hydrogen plasma was used in the dry clean experiments. Power, temperature, and
pressure were varied while gas flow was kept constant at 75 sccm and the process time was 5-10 min. The surface residue (on the
oxide) was most efficiently removed at 400 W, 450°C, and 15 mTorr when exposed to the plasma for 10 min. The in-via residue
was best removed following a5 min plasma exposure at 100 W, 450°C and 15 mTorr.
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The current integrated circuit (IC) device fabrication process has
over 400 individual process steps. At least 20% of these steps are
surface cleaning and preparation steps which are used to decontam-
inate the wafer surface. Surface preparation processes should not
only reduce the levels of unwanted particles and residues and termi-
nate the surface from further chemical activity but also leave the bulk
properties of the substrate unaffected. This study is concerned with
the removal of the post-RIE (reactive ion etch) polymeric residue
which occurs during a via or contact etch. As device dimensions
become smaller it is increasingly important to explore in situ
processes which can be applicable to small viadimensions (<1 pm).
The focus of this study is to assess the effectiveness of a hydrogen
plasma process for the removal of the residue that remains in and
around the interconnect via structures after an RIE process.

RIE.—Dry etching processes are commonly used for etching crit-
ical structures such as contact or interconnect vias.> The isotropic
characteristic of wet etching limits the control over the process, par-
ticularly for structures with small dimensions.! RIE istypically used
to achieve anisotropic etching™® mainly to form contact and via
holes. The etching mechanism involves both chemical and physical
components.” In adry plasma etch process, the directional etching is
achieved by physical sputtering.! However, one characteristic of the
anisotropic hole etch is the polymeric residue left behind after the
etch."19 Previous studies have demonstrated that the residue is com-
posed of fluorocarbon compounds.13512 Several surface analysis
tools [for example, X-ray photoelectron spectroscopy (XPS), Auger
electron spectroscopy (AES), and secondary ion mass spectroscopy
(SIMS)] have previously been used to characterize the post-RIE
residue. #8911 Oghrlein’s! experiments confirm that the residue
layer consists primarily of fluorine and carbon uniformly covering
the substrate. Previous studies have also shown that the postetch
residue forms a30-40 A layer on the surface of the substrate.17-1013
The interaction of the photoresist, etch by-products, and etchants
themselves form this polymeric material, which lines the walls and
bottoms of vias.? If not controlled and removed, the residue contam-
ination can inhibit device performance.

Selectivity of exposed materials during the RIE processis depen-
dent upon the gas chemistry that is used in the process.3 Previous
work has shown that the deposited residue is crucia to the achieve-
ment of good SiO,/Si etch selectivity during a contact etch.:4910
The polymeric residue formation also prevents sidewall etching,
leading to better anisotropy.?

This study isfocused on the removal of the residual polymer both
in and around the etched vias. Other work has focused on the re-
moval of post-via-etch residue.> An earlier study by Crevaet a. used
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an NF5/Ar plasma treatment to effectively remove the post-RIE
residue.* However, it was discovered that this treatment resulted in a
roughened surface. O, ashing followed by an HF dip, as well as an
0, ash with a chromic acid etch and HF dip, have been effective in
removing the polymer.5 However, oxygen-based-plasma exposure to
silicon requires an HF dip following the residue removal in order to
gtrip the thin layer of SiO, that is formed.

For the via structures in interconnects, there is no exposed Si and
the formation of SiO, from an O, plasma process may not be as crit-
ical. However, the use of an O, plasma can result in the formation of
an oxide on the metal or barrier layer, and the formation of any oxide
may lead to a degradation of the interconnect resistance. In this
study we explore the use of a hydrogen plasma processto remove the
post-etch residue. Previous studies have established that the H plas-
ma can result in an oxide-free surface when appropriately applied to
Si surfaces 1418

Hydrogen plasma.—Severa wet and dry methods of removing
processing residues have previously been explored.>210.19 \Wet clean-
ing methods include RCA cleans, HF dips, and H,SO,/H,0,. UV-
ozone treatments have also been investigated but were found to be
time consuming processes.® The aqueous chemical cleaning approach
isincompatible with low-budget in situ cleaning needs. A plasmatech-
nique is an attractive cleaning method for severa reasons. Lower
impurity concentrations are present in gases compared with liquid
reagents. This reduces the problem of process-induced contamination
when aplasmais used. Plasma cleaning can be clustered with the RIE
etch or with metal deposition to provide an in situ process which can
be used in current as well as future processing applications. Another
advantage of a plasma clean is the reduction in the amount of discard-
ed chemicals compared with wet cleans, which makes it favorable for
environmental concerns. Typically, plasma chemistries that have been
used for dry clean applications include O,, NF4/Ar, and H,.21014.19
Oxygen plasmas oxidize the silicon surface rather quickly, causing
high contact resistance. The NFy/Ar plasma is effective for residue
removal but roughens the surface. The H-plasma cleaning process can
be applied at intermediate stages of the device fabrication processas a
suitable surface contaminant removal process. 162122

Hydrogen plasmas used to clean semiconductor wafers can be
generated using rf, microwave, and ECR (electron cyclotron reso-
nance) plasma sources.’® RF plasma treatment of the silicon surface
has been investigated as a cleaning and conditioning step prior to sil-
icon epitaxy.162122 A radio frequency (rf) signal is applied to the
reactant gas (in this case, hydrogen) creating excited and neutral
species (a plasma). These species react with the substrate which can
be either immersed in the discharge region or isolated from the
region as in the case of a remote plasma.?® Previous studies have
shown that the hydrogen plasma clean effectively removes carbon
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and fluorine.2*16 In the case of SiO,, longer hydrogen plasma expo-
suretimes can lead to some reduction, but in general, complete oxide
removal is not obtained.'®

The development of surface roughness and subsurface defects
during a hydrogen plasma exposure is an important issue. Prior stud-
ies in our laboratory concluded that lower substrate temperature
(<200°C) resulted in an increase in silicon surface roughness, while
higher process temperature (>450°C) showed little or no increase in
surface roughness and no observable change in surface morpholo-
gy.?° The current study indicates that the hydrogen plasma effective-
ly reacts with the fluorocarbon film left in the vias and on the oxide
surface after an RIE plasma oxide etch process step.

Experimental

Wafers were prepared at Texas Instruments through via etch and
photoresist (PR) strip and sent to North Carolina State University
(NCSU) for dry clean processing. The wafers were 150 mm diam
p-type Si(100) substrates which were prepared with an RCA clean
followed by an HF dip. 1000 A aluminum was sputtered onto the sil-
icon and a 300 A layer of TiN was deposited on top of the au-
minum. A 9000 A TEOS (tetraethoxysilane) layer was deposited on
top of the TiN layer. The vias were patterned and formed by RIE
downto the TiN layer using an Applied Materials high-density plas-
ma (HDP) reactor with a C,Fg plasma process followed by anin situ
O, resist strip. The etching processes were modified in order to pro-
duce a substantial quantity of the residue for the purpose of evaluat-
ing the dry cleaning processes. Two sets of residue conditions (sur-
face and via) were generated, by varying the RIE process parame-
ters, and used for dry clean process evaluations. Figure 1 schemati-
caly illustrates the structure of the residue on wafers and shows
both types of residue, athough the experiments were performed on
wafers having primarily one type of residue. Scanning electron
microscope (SEM) micrographs were obtained from die near the
center and the edge of each wafer.

The hydrogen plasma system is one component of a multiple
component cluster environment and is schematically illustrated in
Fig. 2. The plasma was generated using an rf source. The rf is cou-
pled into the system through a copper coail that is wrapped around a
quartz tube. The hydrogen is fed into the chamber through the top of
the quartz tube and the plasmais largely confined to the tube. The
wafers were automatically positioned on three pins and located
about 4 in. from the end of the plasma tube.

Previous work in our laboratory determined that CF, polymeric
residue formed during the contact etch could be effectively removed
using a hydrogen plasma.® Experiments were defined using a 23 full-
factorial design and applied to both surface residue remova and via
residue removal. This design allowed two levels for each of the vari-
ables and enabled us to deduce the main effects as well as two-factor
and three-factor interactions. With this design, eight runs with two
replicates at the center point were prepared for each residue type. The
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Figure 1. Schematic diagram for patterned structure used on wafers in this
experiment.
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Figure 2. Schematic of the hydrogen plasma system used for this study.

design of experiment variable parameters were rf power, wafer tem-
perature, and H, pressure. The power was varied from 100 to 400 W,
the temperature was varied from 25 to 450°C, and the pressure was
varied from 15 to 150 mTorr. The wafers were loaded simultaneously
into the cluster (vacuum) environment and were processed individual-
ly in the plasma system. There was a delay of about 10-15 min
between each run to allow the heater to cool down sufficiently prior to
wafer transfer. Each sample was exposed to a hydrogen plasma for 5
or 10 min. The gas flow rate was held constant at 75 sccm. The wafers
were removed from the vacuum environment at NCSU and transport-
ed back to Texas Instruments for analysis using an inline SEM.

Results and Discussion

Top-view SEM images were used to determine if the hydrogen
plasma process removed the CF, residue. The micrographs were
visually analyzed, the datawas quantified, and the most effective dry
clean process parameters were determined from a statistical analysis
of the SEM data. The SEM images were obtained from die near the
center and the edge of each wafer following the H-plasma clean for
both types of residue. Figure 3 displays the center and edge micro-
graphs of the wafer before and after H-plasma processing of the sur-
face residue. There is a higher density of the CF, polymeric residue
in the center of the wafer than at the wafer edge. Exposing the wafer
to ahydrogen plasma at 400 W, 450°C, and 15 mTorr for 10 min, we
observe that essentially all of the surface residue was removed.

Figure 4 shows SEM images of the via residue from wafer edge
and wafer center die before and after a hydrogen plasma treatment.
For the via residue, there appears to be more residue near the edge
than near the wafer center. As noted previously, the RIE process was
altered to produce a large amount of via residue to more clearly
observe the effect of the H-plasma process. After a 5 min, 100 W
plasma process, the residue in the viawas significantly reduced. This
was also accomplished at 450°C and 15 mTorr. It isevident that there
is a small amount of residue remaining on the sidewalls of the via.
We have not yet determined the effect of this small amount, but we
believe that further process optimization will result in the removal of
this residue. Previous experiments in our laboratory have shown that
removal of the residue does not substantialy affect the silicon
oxide.’ The hydrogen plasma appears to have very good selectivity
to Si0,.2® The SEM images then indicate that the hydrogen plasma
significantly removes RIE-generated residue from both the surface
and within the via structure.

XPS data was obtained from the post-RIE wafers to identify the
chemical composition of the etch residue. The XPS survey spectra of
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the residue wafers, for both a surface residue condition as well as a
via residue condition, are shown in Fig. 5. The XPS survey spectra
was obtained from 1100 to 0 eV. The spectra identified a fluorocar-
bon compound on the wafer surface. The F (1s) and C (1s) spectral
lines were easily detected. Individual spectra for these elements
demonstrate various types of bonding. Previous experiments in our
laboratory have associated the peaks for C (1s) between 288 and
294 eV to be attributed to CF, CF,, and CF4 type bonding.?* Peaks
between 284 and 288 eV can be associated with C-C, CH,, C-O,
and C—H bonding.2* The F (1s) peak is usually centered on 685.6 eV
for a CF, residue.?* Unfortunately, long air exposure of the wafers
precluded using the same XPS technique for chemical analysis for
post-hydrogen-plasma-treated wafers. Therefore, we relied on the
SEM measurements as the analytical means to determine whether or
not the residue was removed.

Experiments conducted by Simko and Oehrlein help in under-
standing the probable mechanism for hydrogen reaction with CF,
polymers. They show that a hydrogen plasma can reduce a50 A flu-
orocarbon film to a10 A carbon film, which contains little or no flu-
orine.!* This proves that the plasmais more effective in reducing the
amount of fluorine than the amount of carbon. Thermodynamic and
kinetic properties indicate that the H-F bond (569 kJmol) is
stronger than the C—F bond (552 kJ/mol) as well as the C-H bond
(444 kJimol for CHF,) for any species that hydrogen can make with
carbon.™* The strength of the H—F bond makes it favorable for fluo-
rine to be removed from the fluorocarbon residue, leaving the carbon
behind. The etch by-products after a hydrogen plasma treatment
include HF and fluorohydrocarbons. A 400 W H plasma contains
more atomic hydrogen species than a 100 W H plasma. The surface
residue removal reguired a 400 W plasma, whereas the via residue

Figure 3. SEM images of surface residue
before and after H-plasma clean: (a) pre-
plasma, wafer edge region; (b) post-plas-
ma, wafer edge region; (c) pre-plasma,
wafer center region; (d) post-plasma,
wafer center region.

@

was removed with a 100 W plasma. We believe that thisis attributed
to both the density of the residues as well as the difference in how
both of the residues were produced. The surface residue was a dense
network of the polymer film and required a higher power plasmato
remove. The via residue wafers contained only a small amount of
residue inside the via, which was efficiently removed using a lower
power plasma.

Conclusion

We have demonstrated an effective process for the removal of
RIE-generated CF, polymeric residue using a hydrogen plasma. The
experiments were accomplished on 150 mm via patterned wafers.
The results have shown that optimal remova of surface and via
residues required different plasma-processing conditions. The most
effective process for the removal of surface residue was 400 W,
450°C, and 15 mTorr for a 10 min exposure time. The optimal
process for via residue removal was a 5 min plasma exposure at
100 W, 450°C, and 15 mTorr. XPS data obtained from the residue
indicates that it is a fluorocarbon polymer. Pre and post H-plasma
exposure SEM images show that a significant amount of the residue
was removed from the wafer surface and from inside of vias. The
optimal plasma processing conditions differ for the via and surface
residues due to the chemical difference in the residues which were
generated using different RIE conditions. Removal of postetch
residueisacritically important process, as poor device quality would
otherwise be expected. The hydrogen plasma dry clean process
shows excellent results for residue removal post-contact and post-via
hole etches. High selectivity to SiO, makes the process potentially
very useful in state-of-the-art semiconductor processing.



Journal of The Electrochemical Society, 146 (6) 2318-2321 (1999)

2321

S0013-4651(98)08-076-8 CCC: $7.00 © The Electrochemica Society, Inc.

@)

()

Acknowledgments
This research was supported in part by Texas Instruments and the
National Science Foundation under grant CDR 8721505. We
acknowledge the support of the Engineering Research Center for
Advanced Electronic Materials Processing at NCSU.

North Carolina State University assisted in meeting the publication costs
of this article.

References

1. G.S. Oehrlein, Phys. Today, 49, 26 (1996).
2. P.Singer, Semicond. Int., 19, 7 (1996).

35000

30000 01s
25000
via residue condtions
20000 OKLL Fis Si2s Sizp
FKLL cts
L—_ A " \

15000
10000

5000 surface residue conditons

o — | AL
1000 800 600 400 200 0

Figure 5. XPS survey spectra of surface-generated and via-generated
residue. Both surface and via residue wafers display the C (1s) and F (1)
spectral lines associated with the fluorocarbon film.

)

)

3.

O N O A

Figure 4. SEM images of via residue
before and after H-plasma clean: (a) pre-
plasma, wafer edge region; (b) post-plas-
ma, wafer edge region; (c) pre-plasma,
wafer center region; (d) post-plasma,
wafer center region.

G. E. Potter, G. H. Morrison, P. K. Charvat, and A. L. Ruoff, J. Vac. ci. Technol.,
B10, 2398 (1992).

H. Cerva, E. G. Mohr, and H. Oppolzer, J. Vac. ci. Technal., B5, 590 (1992).

S. J. Fonash, J. Electrochem. Soc., 137, 3885 (1990).

M. A. Jaso and G. S. Oehrlein, J. Vac. Sci Technol., A6, 1397 (1988).

S. J. Jeng and G. S. Oehrlein, Appl. Phys. Lett., 50, 1912 (1987).

T. Gu, RA. Ditizio, S. J. Fonash, O. O. Awadelkarim, J. Ruzyllo, R. W. Collins,
and H. J. Leary, J. Vac. ci. Technol., B12, 567 (1994).

. G.S. Oehrlein, G. J. Scilla, and S. Jeng, Appl. Phys. Lett., 52, 907 (1988).

. G. S. Oehrleinand Y. H. Lee, J. Vac. ci. Technol., A5, 1585 (1987).

. G. S. Oehrlein, J. Vac. Sci. Technol., Al1, 34 (1993).

. X.C.MuandS. J. Fonash, J. Appl. Phys., 59, 2958 (1986).

. G. S. Oehrlein, R. M. Tromp, J. C. Tsang, Y. H. Lee, and E. J. Petrillo, J. Elec-

trochem. Soc., 132, 1441 (1985).

. J. P. Simko and G. S. Oehrlein, J. Electrochem. Soc., 138, 277 (1991).
. H.Ying, J. P.Barnak, Y. L Chen, and R. J. Nemanich, Mater. Res. Soc. Symp. Proc.,

396, 285 (1995).

. B. Anthony, L. Breaux, T. Hsu, S. Banerjee, and A. Tasch, J. Vac. Sci. Technol., B7,

621 (1989).

. Y. L. Chenand D. M. Maher, Mater. Res. Soc. Symp. Proc., 280, 561 (1993).

R. E. Thomas, M. J. Mantini, R. A. Rudder, D. P. Mdlta, S. V. Hattangady, and R.
J. Markunas, J. Vac. ci. Technol., A10, 817 (July/Aug 1992).

D. K. Schroder, Semiconductor Material and Device Characterization, John Wiley
& Sons, Inc., New York (1990).

. J. S. Montgomery, J. P. Barnak, A. Bayoumi, J. R. Hauser, and R. J. Nemanich,

Cleaning Technology in Semiconductor Device Manufacturing, J. Ruzyllo and R.
E. Novak, Editors, PV 94-7, p. 296, The Electrochemical Society Proceedings
Series, Pennington, NJ (1994).

. R.A.Rudder, G. G. Fountain, and R. J. Markunas, J. Appl. Phys., 60, 3519 (1986).
. T. P. Schneider, J. S. Montgomery, H.Ying, J. P. Barnak, Y. L. Chen, D. M. Maher,

and R. JNemanich, Cleaning Technology in Semiconductor Device Manufacturing,
J. Ruzyllo and R. E. Novak, Editors, PV 94-7, p. 329, The Electrochemical Society
Proceedings Series, Pennington, NJ (1994).

J. S. Montgomery, Ph.D. Thesis, North Carolina State University, Raleigh, NC
(1995).

J. P. Barnak, Ph.D. Thesis, North Carolina State University, Raleigh, NC (1997).



	Experimental
	Results and Discussion
	Conclusion
	Acknowledgments
	References

