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Plasma damage of low-k dielectrics during photoresist �PR� stripping in a dual-damascene process
is a critical issue in the application of copper/low-k technology for �45 nm nodes to increase the
signal processing speed of integrated circuit devices. In this article, a detailed and systematic work
has been conducted to study the low-k damage on porous methyl silsesquioxane ultralow-k films
using various PR strip chemistries and process conditions on a high density plasma reactor. The
experimental results obtained from different test methodologies show that the low-k damage
generated under fixed process conditions increases in the order of NH3�N2�H2/N2�H2�O2.
Among plasma control parameters, bias power has a very pronounced effect on low-k damage for
reducing chemistries due to the acceleration of Si–C bond breaking by ion bombardment. Source
power also affects the low-k damage significantly as it controls the ion density and flux to the wafer
surface. The pressure effect is more complicated and shows different characteristics for oxidizing
and reducing chemistries. The extent of low-k damage depends on the orientation of the wafer
surface exposed to the plasma, leading to different sensitivity of the damage to the strip chemistry
and process condition. Based on this work, an optimized chemistry and process regime are identified
to effectively reduce low-k damage and achieve good strip process performance. © 2007 American

Vacuum Society. �DOI: 10.1116/1.2431349�
I. INTRODUCTION

As the device feature size of integrated circuit continues
to scale, the bottleneck of the signal processing speed has
shifted from the transistor portion to the global interconnect
portion where the resistance-capacitance �RC� delay be-
comes a dominant factor.1 To reduce the RC time constant,
copper replaces higher resistance aluminum in wiring, and
low-k material replaces silicon oxide as the interlayer
dielectrics.2–4 Many of the low-k dielectric materials being
used or developed contain a high content of carbon. In order
to further reduce the k value, the materials are also being
made porous.5 The increasing carbon content and porosity,
however, degrade the mechanical strength of the low-k films
and make them more vulnerable to physical and chemical
damages during Integrated circuit �IC� chip fabrication. In
the standard dual-damascene process flow to create copper
interconnect and contacts, several different plasma etching
and cleaning steps are performed directly on the low-k film.
Among them the PR stripping steps using O2 chemistry have
been found to most severely damage the low-k film. Because
the O2 plasma readily removes the carbon in the film and
forms a SiO2-like layer on the film surface, both dielectric
constant and leakage current increase. All ultralow-k dielec-
trics �k�2.4� are porous and the film degradation rate will
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be much higher basically due to the larger surface area that
the porosity imposes. The large area exposed to plasma re-
sults in more low-k damage.6–9 Therefore, preserving the k
value of the ultralow-k materials during PR stripping has
become a major challenge for next generation IC device
processing.10

In this work, we have studied the performance of the PR
strip process on a porous methyl silsesquiaxane �MSQ�
ultralow-k film. MSQ film consists of a significant amount of
methyl �CH3� groups to reduce the film polarization and get
a low dielectric constant. Porous MSQ film contains a high
density of nanometer-size pores so the dielectric constant is
further reduced. This type of film has a very low-k value
�k�2.4 for porosity �20%� and its film properties are sen-
sitive to plasma process conditions. Therefore, porous MSQ
is a good candidate for the investigation of low-k damage
during PR stripping. Various chemistries, including O2, H2,
N2, H2/N2, and NH3, and process conditions have been used
in this work to study the low-k damage in a high density
plasma reactor. By using different analytical methodologies
and electrical tests for the ultralow-k film, the effects of
chemistry and process parameters have been characterized.
To understand the role of wafer surface geometry on low-k
damage, both blanket and patterned MSQ films were used
for the tests. Based on the results obtained from this study, an
optimized chemistry and process regime have been identified
to achieve good process performance in PR stripping while

minimizing the plasma damage to the low-k film.
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II. EXPERIMENT

This work was performed in an Aspen III eHighlands sys-
tem from Mattson Technology. Each process chamber has
two separate plasma zones, thus two wafers can be processed
at the same time. Each plasma zone has its own radio fre-
quency �rf� system for plasma generation and control, but
they share the same gas line and pump. As illustrated in Fig.
1, the high density plasma is generated by a rf power �source
power� of 13.56 MHz applied to an inductive coil on a di-
electric dome, which is set on a Faraday shield mounted on
the top plate of the chamber. The Faraday shield is grounded
to filter out the capacitive coupling. An electrostatic chuck
holds the wafer on a cathode pedestal. A separate rf power
�bias power� of 13.56 MHz is applied to the cathode to con-
trol ion bombardment energy to the wafer surface. The ped-
estal temperature is set to 10 °C during the process by a
chiller and the wafer temperature is controlled by backside
helium cooling. The chamber is evacuated by a turbo-
molecular pump and an inline dry mechanical pump. Process
gases are introduced through the nozzle at the top of the
dome with controlled flow rates. Chamber pressure is main-
tained at a designated value with a throttle valve. Process
endpoint control is done by an optical emission spectro-
scopic system.

The blanket low-k wafers have 1000 Å thick porous MSQ
films spin coated on silicon substrates. They are used to
study the low-k damage on the surface directly exposed to
plasma. The low-k damage on these wafers after plasma ex-
posure is evaluated by the shift in dielectric constant ob-
tained from capacitance-voltage �C-V� measurements using a
mercury probe operating at 1 MHz. The film thickness of
each sample is measured to calculate the dielectric constant
from the capacitance data. Since the low-k damage only oc-
curs in the top portion of the film, the k value thus obtained
is an effective value across the whole film. The patterned
low-k wafers have a line-space structure formed through
plasma etching on 2500 Å thick porous MSQ. On the top of
the low-k film is a 500 Å thick oxide hard mask and around

FIG. 1. Schematic diagram of eHighlands plasma reactor.
3000 Å thick deep ultraviolet PR. These wafers are mainly
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used to study the low-k damage to the pattern sidewall dur-
ing the PR stripping. The damage is evaluated by profile
distortion inspected by an scanning electron microscope
�SEM�. The samples are also dipped in 1% HF solution for
30 s to remove the damaged layer on the sidewall to check
the extent of the low-k damage. Line capacitance and RC
constant, as well as breakdown field intensity, are measured
after several sequential process steps are completed, includ-
ing the deposition of a copper liner and copper, chemical-
mechanical polishing of the copper and cap layer, and depo-
sition of a passivation layer. The atomic composition profile
perpendicular to the sidewall is also analyzed by electron
energy loss spectroscopy �EELS�. Due to the limitation of
wafer supplies at the time of this work, the blanket porous
MSQ wafers used were 200 mm, while the patterned wafers
were 300 mm. Although the two sets of studies on blanket
and patterned wafers and their results are relatively indepen-
dent, bias power scaling was made during the tests according
to different sizes of the cathode pedestals in case some cor-
relation was needed later. In addition to low-k wafers, blan-
ket PR wafers were used to measure PR strip rate.

III. RESULTS AND DISCUSSION

A. Low-k damage on blanket wafers

Low-k damage of a certain low-k dielectric film during
plasma processing is determined by the type of chemistry
used and the process condition. In this section, the effects of
these factors are demonstrated on blanket porous MSQ wa-
fers. Since blanket wafers are subjected to vertical ion bom-
bardment in the plasma and the intensity of ion bombard-
ment is controlled by various process parameters, the study
of the low-k damage on blanket wafers provides direct infor-
mation on the characteristics and mechanism of the damage.

1. Effect of strip chemistry

The results of low-k damage under fixed process condi-
tions and time with different chemistries used for PR strip-

FIG. 2. Effect of strip chemistry on k-value change. Source power=600 W,
bias power=75 W, pressure=10 mTorr, plasma exposure time=15 s.
ping are given in Fig. 2. As expected, O2 plasma causes the
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most severe low-k damage by generating a significant in-
crease in k value even when it is highly diluted with He.
However, the k-value change ��k� for the H2 plasma is sur-
prisingly large as it is very close to that of O2 plasma. Dilu-
tion of the H2 plasma with He helps to reduce the damage
but the effect is very limited. The �k in N2 plasma is much
lower than that in O2 and H2 cases. Adding H2 into N2 brings
the �k up again as shown for the equally mixed H2 and N2.
However, when NH3 is used, the best performance is ob-
tained. Based on these results, it is expected that hydrogen-
free radicals can break Si–C bonds or abstract H atoms from
C–Hx matrix easily under ion bombardment. Moreover,
hydrogen-free radicals can also diffuse deeper into the low-k
film than oxygen-free radicals because of their small size and
cause damage in the region below the surface.11 On the other
hand, the contribution of hydrogen to the low-k damage de-
pends significantly on the hydrogen source, such as H2/N2

mixture or NH3.
The extent of low-k damage increases with plasma expo-

sure time. As shown in Fig. 3, the k value changes rapidly
during the initial 10 s of exposure, especially in the diluted
O2 and H2 plasmas, and increases more slowly afterwards.
Since the plasma exposure time needed for PR stripping de-
pends on the PR strip rate for a certain thickness of PR, the
results of Fig. 3 actually indicates that the reducing chemis-
try can cause more damage than the oxidizing chemistry to
the surface not covered by PR and exposed to direct ion
bombardment because its PR strip rate is lower and thus a
longer strip time is needed.

To evaluate the chemical efficiency of PR stripping
against the low-k damage, the PR strip rates for the chemis-
tries discussed were measured on blanket PR wafers using
the same conditions as in the low-k damage tests, and the
ratios of �k to strip rate were calculated. As shown in Fig. 4,
the O2 plasma gives the highest PR strip rate as expected.
Among other chemistries, H2 and N2 plasma strips PR very
slowly, H2/N2 mixture accelerates PR stripping, while NH3

shows an even higher strip rate. Figure 5 gives the ratio data

FIG. 3. Dependence of k-value change on plasma exposure time. Source
power=600 W, bias power=75 W, pressure=10 mTorr.
normalized to the value for O2. A higher ratio corresponds to
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lower strip efficiency since more severe low-k damage will
be generated after a fixed thickness of PR is stripped. The
results clearly indicate that due to their slow PR strip rates,
both H2 and N2 chemistries have much lower strip efficiency
than that of O2 chemistry against the low-k damage. H2/N2

mixture gives higher strip efficiency. But NH3 chemistry
again produces the best result among all chemistries.

Based on the unique performance of NH3, it is interesting
to study the mixture of H2 and N2 further for PR stripping
over ultralow-k dielectrics. Figure 6 gives the �k value for
the porous MSQ film in H2/N2 plasma as a function of the
N2 percentage in the total flow of H2 and N2. The linear
change of the k value with N2 concentration indicates that
the major effect of N2 on the extent of low-k damage is
through dilution. The low-k damage to porous MSQ film in
pure N2 plasma has been found to be the lowest among all
chemistries investigated for a fixed plasma exposure time.
This can be explained by a less favorable reaction of nitrogen
with the Si–CH3 group.12 On the other hand, Fig. 7 shows
the PR strip rate as a function of N2 percentage. The depen-
dence of PR strip rate on N2 percentage is highly nonlinear.
Pure H2 and N2 plasmas remove PR very slowly. The strip
rate increases as N2 concentration increases and peaks at

FIG. 4. PR strip rates with different chemistries. Source power=600 W, bias
power=75 W, pressure=10 mTorr.

FIG. 5. Normalized �k /PR strip rate ratio with different chemistries. Source

power=600 W, bias power=75 W, pressure=10 mTorr.
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around 20% of N2 addition, and then decreases gradually to
that at 100% H2. This result means that the role of N2 in PR
stripping is different from that in low-k damage. It is ex-
pected that the species of NHx formed in the H2/N2 plasma
can accelerate the PR stripping. Over the entire N2 concen-
tration range, the �k value of the H2/N2 plasma is larger and
the PR strip rate is lower than those of the NH3 plasma. The
NH3 plasma thus appears to have its own uniqueness that
cannot be simulated by mixing H2 and N2 together.

2. Effect of process conditions

Figure 8 shows the �k value of the porous MSQ films
after they are exposed to O2, H2, and NH3 plasmas at differ-
ent bias powers while other process conditions and time re-
main unchanged. In all cases, the low-k damage increases
with bias power as ion bombardment accelerates carbon
bond breaking in the film. But the extent of the damage and
characteristics are not the same for different chemistries.
Low-k damage is severe even at the low bias power and

FIG. 6. k-value change as a function of N2 concentration in H2/N2 gas feed.
Source power=600 W, bias power=75 W, pressure=10 mTorr, plasma ex-
posure time=15 s.

FIG. 7. PR strip rate as a function of N2 concentration in H2/N2 gas feed.

Source power=600 W, bias power=75 W, pressure=10 mTorr.
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becomes worse as bias power increases in O2 plasma. This is
because the carbon content in the low-k film is readily re-
duced by oxygen and Si–O bonds are formed quickly. The
k-value change is the smallest for NH3 chemistry, and it in-
creases more slowly with increasing bias power. The most
significant bias power effect is seen in H2 plasma. At the low
bias power, the low-k damage is very close to that in NH3

plasma but approaches rapidly to the damage level of O2

plasma as bias power is increased, indicating that the ion
bombardment is the major driving force to generate low-k
damage for H2 chemistry.

The characteristics of low-k damage in H2 plasma can be
better understood by looking at the chemical reactions in-
volved. As proposed by Worsley et al.,11 the damage to po-
rous organosilicate glass dielectrics, including MSQ, in H2

plasma occurs through the following reactions:

Si – CH3 + 2H → Si – H + CH4 �H�298 K�

= − 411 KJ/mol,

Si – O – Si + 2H → Si – H + Si – OH �H�298 K�

= − 325 KJ/mol,

Si – OH + 2H → Si – H + H2O �H�298 K�

= − 325 KJ/mol.

Compared to O2 chemistry, hydrogen species can break any
of the four silicon bonds and form different by-products, so
in principle they can cause more serious damage. However,
these reactions are more difficult than those caused by O2

thermodynamically since the �H values for the above reac-
tions are much smaller than that for an oxidation reaction
��H�−1000 KJ/mol�. As a result, the low-k damage in H2

plasma will be less severe without strong ion bombardment.
But under ion bombardment more severe damage can be
generated, especially when a longer process time is needed to
strip a certain thickness of PR.

The effect of source power on low-k damage is given in

FIG. 8. Dependence of k-value change on bias power. Source power
=600 W, pressure=10 mTorr, plasma exposure time=15 s.
Fig. 9. Since the source power basically controls only the
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plasma density and does not affect the ion bombardment en-
ergy, the dependence of the damage on source power is de-
termined by how the ion density changes with source power.
The latter is almost linear in the current process regime so
the �k increases quite linearly with increasing source power.

In addition to bias power and source power, pressure is
another key process parameter to affect the low-k damage,
and its effect is a little more complicated as shown in Fig. 10.
At lower bias power �75 W�, �k increases as pressure is
raised in O2 plasma but decreases in H2 and NH3 plasmas.
Based on the previous discussion, this result can be ex-
plained as follows. In O2 plasma, low-k damage is more free
radical driven and does not need much ion bombardment.
Since oxygen radical density increases but ion density de-
creases with increasing pressure, the low-k damage becomes
worse. However, in the cases of H2 and NH3, ion bombard-
ment is needed to induce the damage. Because the ion den-
sity drops as pressure is raised, the extent of the low-k dam-
age is reduced at higher pressure. At higher bias power

FIG. 9. Dependence of k-value change on source power. Bias power
=75 W, pressure=10 mTorr, plasma exposure time=15 s.

FIG. 10. Dependence of k-value change on pressure at different bias powers.

Source power=600 W, plasma exposure time=15 s.
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�200 W�, the pressure effect becomes less obvious, indicat-
ing that the roles of free radical density and ion density be-
come less important.

B. Low-k damage on patterned wafers

The low-k damage on the dual-damascene structures oc-
curs on the bottom surface of the trench and the sidewalls of
the trench and via. The extent of the damage on the trench
bottom surface is similar to what discussed previously for the
blanket films. But the pattern sidewall is not subjected to
vertical ion bombardment; its damage is mainly caused by
the impinging of scattered ions and shows some very differ-
ent characteristics. Since the sidewall area is quite large, the
low-k damage to it can still have a significant impact on
capacitance and RC time constant. Reducing sidewall dam-
age is thus a major consideration in developing PR strip
processes for low-k films. To study the low-k damage on the
sidewall during PR stripping, single-damascene patterned
wafers with a line/space structure of porous MSQ with an
oxide mask are used in this work.

1. Effect of strip chemistry

The extent of sidewall damage can be observed through
profile distortion after PR stripping by dipping the stripped
samples into a diluted 1% HF solution. Because the damaged
layer on the MSQ film has a lower carbon content and dan-
gling silanol bonds, it will dissolve in the HF solution and
generate a profile undercut. Figure 11 shows the SEM cross
section of the damaged profile after PR stripping in O2,
H2/N2, and NH3 plasmas. Before the HF dip, a bowing pro-
file can be observed with O2 plasma stripping. A similar
profile can also be seen for H2/N2 chemistry, but the bowing
is less severe. No obvious profile distortion is observed for
NH3 chemistry. After the HF dip, an undercut profile shows
up in all three cases. The profile undercut is so severe when
O2 is used that the line feature collapses, while the undercut

FIG. 11. Profile distortion of patterned MSQ film after PR stripping in dif-
ferent plasmas. Source power=600 W, bias power=300 W, pressure
=10 mTorr, 50% overetch. Upper row: before HF dip. Lower row: after HF
dip.
generated by NH3 chemistry is the least.
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The effect of low-k damage on electric performance was
evaluated by the RC constant measurement done on single-
damascene structure wafers. Figure 12 shows the results for
different chemistries used for PR stripping. The RC constant
is the largest for diluted O2 plasma and improved for H2,
H2/N2, NH3, and NH3/N2 plasma in that order. Obviously,
this trend shows a good correspondence between the RC
constant and the �k value on blanket wafers given in Fig. 2.
However, a significant difference can be noticed on the ex-
tent of the damage for these two cases. While the �k value
generated in H2 plasma is very close to that in O2 plasma on
blanket wafers, the RC constants obtained from H2 plasma
are much smaller than those from O2 plasma on patterned
wafers. This implies that the H2 plasma causes less damage
to the sidewall than to the top surface because of strong ion
bombardment dependence. Another evaluation of the low-k
damage is the breakdown field intensity of the dielectric film.
As shown in Fig. 13, the breakdown field intensity after PR
stripping in diluted O2 plasma is the lowest, while in NH3

and NH3/N2 plasmas it is the highest.

FIG. 12. Effect of strip chemistry of RC constant. Source power=600 W,
bias power=300 W, pressure=10 mTorr, 50% overetch.

FIG. 13. Effect of strip chemistry on breakdown field intensity. Source

power=600 W, bias power=300 W, pressure=10 mTorr, 50% overetch.
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2. Effect of process conditions

Low-k damage to the sidewall can be controlled by pro-
cess conditions during PR stripping. The key is to reduce the
energy and flux of the ions impinging on the sidewall. Figure
14 shows the effect of bias power on the RC constant for
NH3 chemistry. Although a higher bias tends to cause more
damage on the sidewall, the actual effect is not significant in
comparison with the case of blanket wafers. The reason for
this result is quite simple as there is no direct and strong ion
bombardment to the sidewall. Especially at low pressure, the
ion bombardment anisotropy is quite high.

Compared to the bias power, it seems that the source
power has a more significant effect on the sidewall damage.
It is a general phenomenon in plasma etching that higher
source power usually causes more isotropic etching to the
sidewall and generates an undercut or bowing profile due to
more ion impinging. This also seems to be true in the case of
low-k damage. As shown in the SEM pictures in Fig. 15 for
the patterned MSQ wafers after PR stripping and HF dip,
higher source power does produce more profile undercut.
The source power effect on the low-k damage also shows up
clearly on the RC constant measurement. Higher source
power causes more RC delay as given by Fig. 16.

Figure 17 shows the pressure effect on RC constant. Simi-
lar to the results on blanket films, higher pressure helps to
reduce low-k damage to the sidewall for NH3 chemistry. Be-
cause the plasma density is lower at higher pressure and the
low-k damage generated by the reducing type of chemistries
is ion driven as discussed previously, the extent of damage
for these chemistries is thus lower.

Based on the process and electric performances discussed
in this article, NH3 chemistry is a good selection for PR
stripping over low-k film. In order to better understand the
property change in the low-k film after PR stripping in NH3

plasma, EELS is used to study the film composition in the
direction perpendicular to the sidewall after copper liner
�tantalum� and copper deposition. The result given in Fig. 18

FIG. 14. Dependence of RC constant on bias power. Source power
=600 W, pressure=10 mTorr, 50% overetch.
shows a transition layer about 50 Å thick at the interface
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between the copper liner and the low-k film. The carbon
depletion is not obvious in this layer. Instead a carbon-rich
region can be seen, which probably is due to the remaining
polymer deposition generated in the previous trench etch
step that was not removed by the PR stripping with the per-
centage of over strip conditions used in these experiments.
The nitrogen content inside the low-k film is very low, elimi-
nating the concern about possible PR poisoning in the trench
lithography step in the dual-damascene process flow.

IV. CONCLUSION

The low-k damage of porous MSQ film during PR strip-
ping depends significantly on the strip chemistry and process
conditions. On blanket wafers where the film surfaces are
directly exposed to the plasma, O2 chemistry generates very

FIG. 15. Profile distortion of patterned MSQ film after PR stripping at dif-
ferent source powers. Bias power=300 W, pressure=10 mTorr, 50%
overetch. Upper row: before HF dip. Lower row: after HF dip.

FIG. 16. Dependence of RC constant on source power. Bias power

=300 W, pressure=10 mTorr, 50% overetch.
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severe damage with a large change in k value. Among sev-
eral other chemistries studied, H2 plasma also causes almost
the same amount of damage as O2 plasma within a fixed
process time, N2 and NH3 generate the least damage, and the
H2/N2 mixture produces a result somewhere in between. By
taking the PR strip rate into consideration, the chemical ef-
ficiency of PR strip against the low-k damage shows the
order of NH3�H2/N2�O2�N2�H2. The lowest strip effi-
ciency of H2 chemistry is due to the high reactivity of hy-
drogen radicals with Si–CH3 bonds in the low-k film under
ion bombardment and low PR strip rate. On the other hand,
the highest strip efficiency of NH3 is attributed to the low
low-k damage and high PR strip rate, making this chemistry
a good candidate for PR stripping over ultralow-k dielectric
materials. In addition to chemistry, bias power has a very
pronounced effect on low-k damage due to the sensitivity of
Si–CH3 breaking processes to ion bombardment energy, es-
pecially for reducing chemistries. Higher bias power always
leads to greater change in k value. Low-k damage also in-
creases with increasing source power due to higher ion den-
sity and flux to the surface. The pressure effect is different
for different chemistries. For O2, higher pressure generates
more damage because the damage is free radical driven and
the free radical density increases when pressure is raised.
However, the damage becomes less for NH3 chemistry at
higher pressure because the damage is ion driven in this case
and ion density drops significantly with increasing pressure.

On patterned wafers, low-k damage on the sidewall has a
major contribution to the electrical performance. As in the
case of blanket wafers, O2 plasma causes the most severe
damage to the sidewall, resulting in a large RC constant and
low breakdown field intensity. On the other hand, NH3

plasma has some of the best values for these parameters. The
result for H2 chemistry is between the two extreme cases.
Compared to blanket wafers, the RC constant obtained from
H2 plasma is much smaller than that from O2 after the same
thickness of PR is stripped. Therefore, the chemical effi-

FIG. 17. Dependence of RC constant on pressure. Source power=600 W,
bias power=300 W, 50% overetch.
ciency of the PR strip compared with the low-k damage on
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the sidewall shows a different order of NH3�H2/N2�H2

�O2. Obviously, this trend is caused by the difference in ion
bombardment intensities between the sidewall and the top
surface. Electrical performance also depends on process con-
ditions. Higher bias power and source power tend to generate
more severe low-k damage in general. Higher pressure in-
creases the damage for O2-based chemistry but does the op-
posite for reducing chemistries. Based on all of the results
obtained from this work, NH3 seems to be a good chemistry
for PR stripping over ultralow-k material. By using this
chemistry together with appropriate process conditions, an
optimized process performance can be achieved.

ACKNOWLEDGMENTS

The authors would like to thank David Dutton, Bob
Macknight, and Neal Holmlund at Mattson Technology for
their support and helpful discussions.
JVST B - Microelectronics and Nanometer Structures
1M. Bohr, Tech. Dig. - Int. Electron Devices Meet. 1995, 241.
2International Technology Roadmap for Semiconductors, 2004 Update.
3Low Dielectric Constant Materials for IC Applications, Spring Series in
Advanced Microelectronics Vol. 9, edited by P. S. Ho, J. Leu, and W. W.
Lee �Springer, Herdelberg, 2002�.

4M. Morgen, E. T. Ryan, J. H. Zhao, C. Hu, T. Cho, and P. S. Ho, Annu.
Rev. Mater. Sci. 30, 645 �2000�.

5K. Maex, M. R. Baklanov, D. Shamiryan, F. Lacopi, S. H. Brongersma,
and Z. S. Yanovitskaya, J. Appl. Phys. 93, 8793 �2003�.

6D. Shamiryan, M. R. Baklanov, S. Vanhaelemeersch, and K. Maex, J.
Vac. Sci. Technol. B 20, 1923 �2002�.

7F. Iacopi, S. H. Brongersma, B. Vandevelde, M. O’Toole, D. Degryse, Y.
Travaly, and K. Maex, Microelectron. Eng. 75, 54 �2004�.

8P. Lazzeri, X. Hua, G. S. Oehrlein, M. Barrozi, E. Iacob, and M. Anderle,
J. Vac. Sci. Technol. B 23, 1491 �2005�.

9X. Hua et al., J. Vac. Sci. Technol. B 24, 1238 �2006�.
10L. Peters, Semicond. Int. 10, 57 �2002�.
11M. A. Worsley, S. F. Bent, S. M. Gates, N. M. Fuller, W. Volksen, M.

Steen, and T. Dolton, J. Vac. Sci. Technol. A 23, 395 �2005�.
12K. Yonekura, S. Sakamori, K. Goto, M. Matsuura, N. Fujiwara, and M.

Yoneda, J. Vac. Sci. Technol. A 22, 548 �2004�.

FIG. 18. Atomic composition of the porous MSQ film in
the direction perpendicular to the sidewall after PR
stripping.


