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Damage Reduction and Sealing of Low-k Films by Combined
He and NH3 Plasma Treatment
A. M. Urbanowicz,a M. R. Baklanov,a,z J. Heijlen,a Y. Travaly,a and
A. Cockburnb

aIMEC, Leuven, Belgium
bApplied Materials, Leuven, Belgium

Modification of chemical vapor deposition low-k films upon sequential exposure to helium plasma and then ammonia plasma is
characterized using various methods. The He plasma emits extreme ultraviolet �EUV� photons creating O2 vacancies, which
impacts surface reactive sites and induces localized chemical modifications in the first surface monolayers. The subsequent NH3
plasma treatment provides complete sealing of the low-k surface. The depth of the modification, which is a factor of merit of the
sealing process, is limited because of the high absorption coefficient of silica-based low-k materials in the range of EUV emission.
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Integration of porous low dielectric constant �low-k� materials is
a continuing issue in microelectronics industry. One of the most
difficult challenges is related to the high sensitivity of porous mate-
rials to chemicals and plasma. Pores and their connectivity signifi-
cantly increase the penetration depth of active species during differ-
ent technological processes such as plasma etching and cleaning,
deposition of barrier layers, chemical mechanical polishing �CMP�,
etc. The most severe damage of low-k materials happens during
their exposure to strip-cleaning plasmas containing oxygen and hy-
drogen radicals. These radicals remove the carbon containing hydro-
phobic groups from the low-k materials. As a result of the carbon
depletion, the films become hydrophilic.1,2 Subsequent moisture ab-
sorption in the pores significantly increases the k value because of
the high polarizability of water molecules.

Recently, we have applied a diffusion-recombination model
�Thiele analysis� to predict and quantify the plasma damage of po-
rous low-k materials.3 The penetration depth of radicals into porous
low-k materials and the depth of plasma damage depend on the
Thiele modulus, �, defined as follows �Eq. 1�

� = �4kr/dpDA�1/2 �1�

where kr is the sum of reaction constants consuming active radicals
on pore wall. DA and dp are diffusion coefficient and pore diameter,
respectively. The higher the Thiele modulus, the lower the depth of
penetration of active radicals. Because kr is mainly defined by the
recombination of active radicals, the depth of plasma damage can be
significantly reduced by stimulating the surface recombination of
active radicals. The creation of surface active centers initiates the
recombination of oxygen and hydrogen radicals and reduces the
plasma damage. As an example, we showed that treatment of low-k
materials in He plasma significantly reduces plasma low-k damage
during the subsequent exposure to strip and cleaning plasmas. It was
speculated that extreme ultraviolet �EUV� emission from He plasma
creates chemically active sites on a low-k surface, which stimulate
the recombination of active radicals in the surface area. In certain
cases the activated surface area can stimulate and induce localized
chemical reactions results in the sealing of low-k materials.

In this work, the modification of the top part of low-k films
treated by He and NH3 plasmas is characterized by various methods.
This plasma is normally used to clean the Cu surface �reduce Cu
oxides� before dielectric barrier deposition. In the absence of a di-
electric protection layer, low-k films are exposed to this plasma dur-
ing the Cu cleaning, which ultimately results in significant degrada-
tion of k values. The effect of He plasma pretreatment is studied as
a function of exposure times. The changes in the chemical compo-
sition of low-k films after the plasma exposure are analyzed using
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Fourier transform infrared spectroscopy �FTIR� and time-of-flight
secondary ion mass spectroscopy �ToF-SIMS� measurements. The
layered structure of the modified surface is evaluated by X-ray re-
flectivity �XRR� and spectroscopic ellipsometry. The sealing prop-
erties of the cap layer were evaluated by ellipsometric porosimetry
�EP� with a toluene source. Hydrophilicity of the films is evaluated
by contact angle measurements, FTIR and EP with water source
�WEP�. We discuss the mechanisms of plasma damage reduction,
densification, and sealing of chemical vapor desposition �CVD� low-
k material after consecutive treatment of CVD low-k material by He
and NH3 plasma.

Experimental

Materials.— The low-k material used in this study is a porous
carbon doped silica film �SiCOH� deposited by plasma enhanced
chemical vapor deposition �PECVD� on top of 300 mm silicon sub-
strates. The low-k film has an open porosity close to 25% and a pore
radius 0.8–0.9 nm, as measured by EP,4 a dielectric constant in the
range of 2.4–2.5, and a refractive index of 1.33 at 633 nm. The
plasma treatment was carried out at 350°C in the PECVD chamber.
The wafers were subjected to NH3 plasma for 20 s under a pressure
of 4.2 Torr.

Instrumentation.— Porosity, pore size distribution, and bulk hy-
drophilicity were measured by using ellipsometric porosimeter
EP-10 equipped with the Sentech 801 spectroscopic ellipsometer
�� = 350–850 nm�. The ellipsometer was mounted on a vacuum
chamber that can be filled with solvent vapor �such as toluene or
water� in a controllable way.3-5 Similar EP measurements, as de-
scribed by Shamiryan et al.,6 were also used for the evaluation of the
sealing efficiency of the dense surface layers formed after surface
treatment. The last method is based on the idea that, if the surface
contains open pores, the solvent is adsorbed in the pores and it
changes the ellipsometric angles � and �. On the contrary, if the
surface is not accessible to a solvent due to the presence of a sealing
layer, � and � remain unchanged during the exposure to toluene
vapor.

The chemical composition and bonding structure of low-k films
before and after plasma treatments were analyzed using a Biorad
QS2200 ME FTIR system. ToF-SIMS experiments were carried out
using an Iontof IV instrument in a non-interlaced dual beam mode
with a Xe sputtering beam and a bunched 15 keV Ga analysis beam
to detect secondary ions. The Ga analysis beam has been rastered
over a 100 � 100 �m area. The Xe sputtering beam was used with
1 keV of impact energy and 80 nA of current using a raster size of
500 � 500 �m. The sputtering times were converted into the thick-
ness using spectroscopic ellipsometry �SE� data.

The XRR technique was used for the evaluation of the density
gradients.7 High-resolution specular X-ray reflectivity was per-
formed using a �/2� configuration with a rotating copper anode as
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the radiation source using a Siemens D5000 2-circles goniometer.
X-rays of 1.5418 Å wavelength �Cu K�� were selected by a graphite
secondary monochromator, complemented with an electronics dis-
criminator �scintillation counter�. The X-ray beam is collimated by a
set of adjustable slits with micrometer precision. The intensity re-
flected is measured as a function of detector angle ��� and subse-
quently plotted vs the momentum transferred perpendicularly to the
sample ��2�/�� sin ��. The data treatment has already been de-
scribed in the literature.8

Results and Discussion

Figure 1 shows FTIR spectra of the low-k film before and after
exposure to the various plasmas. The top graph of the figure shows
FTIR spectra of a pristine sample in the range of 800–1400 cm−1.
The FTIR spectra are typical of SiCOH-type materials and contain a
peak related to Si–O–Si network �1040–1060 cm−1�, a shoulder of a
cagelike structure �1100–1150 cm−1�, and a peak related to Si–CH3
bond �1250–1300 cm−1�.9 No absorption related to moisture
�3000–3700 cm−1� was observed in the pristine low-k films. This is
in agreement with the results of WEP evaluation showing that the
amount of moisture adsorbed does not exceed 1% at 100% humidity.

The differential spectra �bottom graphs� reflect that changes oc-
cur after successive exposure to He and NH3 plasmas and are plot-
ted at the bottom of the Fig. 1. The peak at 1275 cm−1, which arises
from Si–CH3 groups, decreases after all plasma treatments. The
negative peak located close to 1150 cm−1 is related to the Si–O–Si
�angle �150°� cagelike structure. The positive peak around
1070 cm−1 �angle �144°� is related to the Si–O–Si network. The
highest positive maximum of the network peak appears after pure
NH3 plasma. The peak around 1000 cm−1 arises from the Si–O–Si
suboxide9 �angle 	144°�. This peak only appears after He plasma
treatment. The amplitude of this peak increases with the time of the
plasma treatment. The smallest amplitude appears after successive
exposure in He �20 s� and NH3 �20 s� plasmas. The appearance of
the suboxide peak may be related to the formation of oxygen vacan-
cies in the low-k film.

Figures 2a-d show the results of the EP analysis of pristine and
plasma-treated samples. These graphs reflect the amount of toluene
adsorbed vs its relative pressure. Pristine low-k film has 25% of
open porosity. The open porosity slightly increases after NH3
plasma treatment. The film exposure in NH3 plasma does not change
the pore size. He plasma treatment reduces the open porosity by 2%.
However, toluene cannot be completely desorbed during the
pumping-down cycle, and the hysteresis loop observed suggests a
delay in the pore filling and emptying during the adsorption and

Figure 1. FTIR spectra of the low-k films treated by He and NH3 plasmas.
desorption cycles �Fig. 2c�. At the same time, a slight change of
refractive indices �1.33 before and 1.36 after sealing� suggests that
the total porosity does not significantly change, which indicates that
the bulk of the film is still porous. Therefore, diffusion limitation of
the toluene penetration is only related to densification of the top part
of the film, i.e., “partial” sealing of the pores. The partial sealing
means a decrease of the size of the pore necks and the complete
sealing of some pores. In this case, it is not possible to calculate the
pore size distribution. We can only conclude that the effective pore
size in the top part of the film �necks� becomes comparable with the
size of the toluene molecules �0.65 nm�. Figure 3 shows the “delay”
between toluene adsorption and desorption 
�1/2� vs time of the He
plasma treatment. The 
�1/2� is the difference between two values
of P/Po �Fig. 2c� corresponding to the conditions when the pores
are filled for 50%. In all experiments the rate of the pressure change
was the same. Therefore, this delay reflects change of the toluene
diffusion rate through the capping layer and the degree of surface
densification �sealing�. The longer delay corresponds to the smaller
size of remaining pores. The delay increases with time of He plasma
treatment. Therefore, Fig. 3 allows us to conclude that the degree of
densification depends on the time of He plasma treatment.

Porous low-k films after the successive He and NH3 plasma
treatment do not show any toluene absorption �Fig. 2d�. This indi-
cates that complete sealing of the dielectric surface was achieved.

Figure 4 shows ToF-SIMS carbon depth profile in low-k films
after different plasmas. A 20 s NH3 plasma creates a huge carbon
depletion over a depth of about 60 nm. The degree of carbon deple-
tion is very small for a low-k film after He plasma. In the case of
20 s He plasma followed by 20 s NH3 plasma treatment, the carbon
depletion is significantly lower than after the NH3 plasma without
the pretreatment in He plasma.

Figure 5 shows the XRR density profile of the low-k film ex-
posed in He plasma. The bulk density is constant and equal to the
density of the pristine material �1.13 g/cm3�. The top of the film has
a higher density. The thickness of the densified layer is close to
17 nm. The double peak between 150 and 167 nm reflects the den-
sity fluctuation in the capping layer. These data demonstrate that He
plasma creates a thin densified layer in the top part of the low-k film.
The densified layer is manifested by the toluene diffusion limitation
in EP measurements and clearly visible in XRR data as a top layer
with a thickness close to 17 nm.

The results of differential FTIR analysis suggest that this top
layer is oxygen depleted in comparison with the bulk of the film.
The degree of the carbon depletion after He plasma is very small.
Moreover, a He pretreatment before NH3 plasma drastically reduces
the plasma damage and improves the sealing efficiency. Porous low-
k films after the successive He and NH3 plasma treatments do not
show any toluene absorption. This indicates that the complete seal-
ing effect of the dielectric surface is achieved. The effect of the
damage reduction when the low-k film has not been sealed and He
was used before N2/NH3 plasma was reported earlier.3,10 It was
speculated that the He plasma creates surface active centers increas-
ing the recombination probability of H radicals and, therefore, de-
creases their concentration and depth of penetration. The results pre-
sented in this paper support these conclusions, but also allow us to
postulate that these active centers localize different chemical trans-
formations in the top part of the film. Therefore, these centers are
also able to accelerate chemical reactions responsible for the surface
sealing.

Effect of He plasma.— The most important factors of plasma
processing are pressure, chemistry, temperature, and bias potential.
Because helium is a light noble gas, the modification based on
chemical reactions is excluded and the impact of ion bombardment
is also expected to be much lower than in other gases like Ar, N2,
etc. The most probable modification of the low-k material is related
to EUV light generated by He plasma. The modification of SiO2
layers caused by EUV radiation from He plasma has been
reported.11,12 It was shown that EUV light is able to break the Si–O
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bond on the SiO2 surface and to form so-called E� defects �oxygen
vacancies�. The energy needed to create an oxygen vacancy in SiO2
is equal to 11 eV �112.71 nm� and 22 eV �56.36 nm�.13 The band-
gap of low-k materials is smaller than that of SiO2 ��8 eV against
8.8 eV�,14 which is significantly smaller than the energy of EUV
photons from He plasma �24.59 eV�.15 These photons generate free
electron and holes by the band-to-band excitation that result in the
cleavage of strained Si–O binds via self-trapped excitons.16 The

Figure 2. Open porosity �as measured by EP�: �a� pristine sample, �b� after

Figure 3. Delay between adsorption and desorption isotherms of toluene
�calculated from EP data� for different times of the He plasma treatment.
bond cleavage induces the rearrangement of the strained Si–O–Si
bonds, which cause the densification of the film.17 Thickness of the
densified layer is of the order of magnitude of the penetration depth
of EUV light into a low-k film. Using absorption coefficients re-
ported by Philipp et al.,18 one can calculate the penetration depth of
EUV photons from He plasma into the silica. These calculations
show that the intensity of EUV light with wavelength of 60–100 nm
decreases to 1/e within the first 10 nm of silica. Therefore, one can
conclude that most photochemical modifications of silica-based low-

plasma, �c� after He plasma, �d� He + NH3 plasma.

Figure 4. The carbon depth profile analyzed by ToF-SIMS.
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k film are restricted by 10–20 nm of the top layer. One can see that
this thickness is in reasonably good agreement with XRR data,
which showed densification of the top 17 nm.

Additional NH3 plasma treatment completes the sealing �Fig.
2d�. According to XPS analysis,19 the “crust” layer formed as a
result of consecutive treatment in He and NH3 plasmas shows insig-
nificant increase of nitrogen concentration in the top layer �2–3 atom
%�. The low-k films after this treatment still show high degree of
surface and bulk hydrophobicity, which is a proof of low degree of
plasma damage. More detailed data analysis will be reported in our
future paper.19

Therefore, EUV light from He plasma results in formation of
surface active centers localizing chemical reactions to the surface
and providing the backbone reorientation and further densification
of the top layer.

Conclusion

He plasma emits high-energy EUV photons, creating oxygen va-
cancies that localize chemical modifications in the top part of the
film. The subsequent NH3 plasma treatment provides the complete
sealing of the low-k surface. The thickness of the densified layer is

Figure 5. Results of XRR analysis of a 40 s He plasma-treated 160 nm thick
low-k film.
close to 17 nm. The depth of the modification is limited because of
the high absorption coefficient of silica-based low-k materials in the
range of EUV emission of He plasma.

The He plasma treatment also reduces plasma damage even
when the low-k dielectric film is not sealed.3,10 If this is the case, the
modified layer increases the recombination probability of active
radicals and, therefore, decreases their concentration and depth of
penetration into low-k materials. Properties of EUV emission from
He and He/H2 plasma can be very important in development of
technological processes with reduced damage during the plasma
processing.
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