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In this paper we evaluate the correlation between UV light
absorption of SOG (spin-on glass) low dielectric constant
(low-k) films and chemical changes induced by an excimer
UV source at several wavelengths: 172 nm, 222 nm, and
308 nm. Low-k absorption in the UV range was measured by
nitrogen purged UV ellipsometry. It is shown that im-
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provement of mechanical properties is accompanied by deg-
radation (hydrophilisation) of low-k films. Changes in hydro-
phobic properties were evaluated by water-source ellipsomet-
ric porosimetry (WEP). The Young’s moduli of the films
were measured by laser-induced surface acoustic waves
(LAwaves).
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In this paper we evaluate the correlation between UV light
absorption of SOG (spin-on glass) low dielectric constant
(low-k) films and chemical changes induced by an excimer
UV source at several wavelengths: 172 nm, 222 nm, and
308 nm. Low-£ absorption in the UV range was measured by
nitrogen purged UV ellipsometry. It is shown that im-

1 Introduction Integration of low-k materials is a
continuing issue in the microelectronics industry. To re-
duce the RC delay and improve the operating speed of
multilevel Cu interconnects in modern ultra large scale in-
tegrated (ULSI) circuits, the k-value of dielectric layers has
to be as low as possible. To decrease the k-value, porosity
has been implemented to a new generation of dielectrics
[1]. However, porous low-k materials have lower mechani-
cal strength compared to conventional dielectric films. Im-
proving mechanical properties (such as Young modulus) of
new low-k materials becomes a challenge. The low-k di-
electrics UV curing processes could solve this issue. The
combined action of UV radiation and thermal activation is
shown to generate a rearrangement in the bonding structure
of the SiCOH based low-k [2]. As a result, the mechanical
properties are improved, but the hydrophilicity increases.
Subsequent moisture absorption into the porous structure
significantly increases the k-value of dielectric film be-
cause of high polarizability of water molecules.

Most of results of low-k dielectrics UV curing reported
so far are related to wideband UV sources. It is expected

provement of mechanical properties is accompanied by deg-
radation (hydrophilisation) of low-k films. Changes in hydro-
phobic properties were evaluated by water-source ellipsomet-
ric porosimetry (WEP). The Young’s moduli of the films
were measured by laser-induced surface acoustic waves
(LAwaves).
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that narrow band UV sources are more efficient for under-
standing of precise mechanisms of modification and such
data are important for optimisation of technological pro-
cesses. Optical transmission measurements of SiCOH
based layers showing transparency in the far UV range
with increasing absorption in the VUV suggest the use of
excimer light source. The main advantage of an excimer
light source is that it can emit light with very narrow spec-
tral distribution.

In this paper we analyse the effect of UV and VUV ex-
cimer light of different wavelengths (172 nm, 222 nm and
308 nm), different power and exposure time to study a
mechanism of photo induced changes of SOG low-k. The
original (pristine) and UV treated SOG low-k films were
characterized by nitrogen-purged ultra-violet (PUV) ellip-
sometry for determination of absorption in the UV range,
ellipsometric porosimetry (EP) for determination of poros-
ity and pore size [3], and ellipsometric porosimetry with
water source (WEP) for evaluation of hydrophobic proper-
ties [4]. The mechanical properties of the films were
evaluated by laser-induced acoustic wave spectroscopy

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(LAwave) [5]. Fourier transform infrared (FTIR) spectros-
copy was used for characterisation of the chemical compo-
sition before and after UV irradiation.

2 Experimental

2.1 Samples preparation The samples used in this
study were silica-based low-k films deposited on 200 mm
silicon wafers by SOG technology. The films had 10-12%
carbon-containing-hydrophobic groups, 32% porosity, and
a pore size close to 2 nm after a standard curing (thermal
annealing). The k-value of the films was in the range
of 2.3-2.4. Such prepared samples were irradiated by
plasma-based, planar VUV (vacuum ultra-violet) source,
which provides single or multiple bands between 120 nm
and 350 nm (Fig. 1). For this evaluation, 172 nm, 222 nm
and 308 nm were used. The plasma is induced in a
chamber with excimer gas mixture. The light from
the plasma is emitted into processing chamber through a
special quartz window. The spectral distribution of
the emitted light depends on excimer gas composition as
shown in Fig. 2. During the UV exposure, the sample
chamber is flowing with N, (99.99% purity) and continu-
ously pumped down. N, pressure is about 1 Torr with flow
0.1 liter per minute.

2.2 Metrology The refractive index and extinction co-
efficient of the film studied were measured by a Sopra
PUV-EP ellipsometric system (4=150—650 nm). Meas-
urements were done in nitrogen ambient at atmospheric
pressure. Amount of H,O and O, during measurement was
below the level of 5 ppm. Porosity, pore size distribution
and bulk hydrophilicity were measured by using ellipso-
metric porosimeter EP-10 equipped with SENTECH 801
spectroscopic ellipsometer (1 =350—850 nm). The ellip-
someter is mounted on a vacuum chamber that can be
filled with a solvent vapor (such as toluene or water) in a
controllable way [3, 4].

The elastic modules of the films studied were meas-
ured by LAwave. This technique is based on high fre-
quency surface acoustic waves, which are very sensitive to
surface film, even if their thickness is much thinner than
the penetration depth of the waves. The acoustic waves are
generated by a short laser pulse in a wide spectral range.
The phase velocity of the wave propagation is measured
depending on a frequency. Fitting the theoretical curve to

Xe + Cla Excimer gas mixture
quartz window
N,
—_— sample

PUMP

Figure 1 Scheme of the experimental setup.
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Figure 2 Power versus wavelength of emitted light for different
excimer mixtures.

the curve measured yields the elastic modulus (Young’s
modulus) of the film [5].

The chemical composition of low-k films before and
after UV irradiation was analyzed using a Biorad QS2200
ME FTIR system.

3 Results and discussion Figure 3 shows the refrac-
tive index and the extinction coefficient of the pristine low-k
dielectric film (no UV treatment) in a range from 150 nm
to 650 nm. The pristine sample has strong absorption be-
low 180 nm. It indicates that the UV region below 180 nm
is photochemically active according to a fundamental law
of photochemistry [6]. Figure 4 reflects changes of Young
moduli (YM) after UV irradiation. The y-axis presents ex-
posure. The exposure is product of UV power, time of
treatment and light frequency. The highest changes in YM
are observed for 172 nm. This improvement of mechanical
properties indicates that wavelength of light below 180 nm
causes the highest efficiency of photochemical reactions.
Dielectric films treated with 222 nm and 308 nm UV re-
veals small improvement of YM. This correlates well with
FTIR and EP data as presented in Figs. 5 and 6.
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Figure 3 Refractive index and extinction coefficient of the low-k
(as measured by PUV) versus wavelength.
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Figure 4 Young’s moduli (as measured by LAwave) versus UV
exposure. The numbers on the graph correspond to the sample
numbers in Table 2.

Figure 5 shows ratio Si—O—Si (1050 cm™) cage bond
to Si—CHj; (1276 cm™) FTIR peaks versus exposure. This
ratio reflects well the compromise between hydrophilicity
and mechanical properties. Increasing the number of Si—
O-Si groups gives better mechanical properties. While the
number of Si—O-Si groups increases, a reduction of the
number of CH; (methyl) groups is observed [7]. The
methyl groups are hydrophobic due to low polarizability.
Depletion of CH, groups leads to hydrophilisation of the
low-k. The degree of hydrophilisation is shown in Fig. 6.
The hydrophilisiation of UV treated low-£’s can be related
to photo-dissociation of carbon containing groups and a
cross-linking mechanism of the Si—O—Si network. Possi-
ble reactions for UV and VUV irradiation are presented in
Table 1.

Another reason of hydrophilisation can be related to in-
fluence of residual oxygen in the UV vacuum chamber.
Excited oxygen can remove carbon-containing hydropho-
bic groups.
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Figure 5 Si—O-Si/Si—CH, ratios (as measured by FTIR) versus
exposure.
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Figure 6 Hydrophilicity (as measured by EPW) versus expo-
sure.

The energies of the reactions listed in Table | were
calculated by Ushio et al. who used molecular models of
the reactants and products and a first-principles molecular
orbital program, Gaussian 03 [8]. Since the reaction energy
corresponds to the driving force of a reaction in a thermo-
dynamic sense, reactions 1 and 2 are the most probable
to occur. Reaction 4 is insignificant, because the reaction
energy is negligible. Considering the reaction energies
and comparing the changes in measured FTIR spectra, we
can conclude that a Si—O—Si cross-link generation from
a CH; group and OH group is the primary reaction.
Methane (CH,) releases as a reaction product of this reac-
tion. Therefore, Si—O-Si cross-link generation leads
to CH, groups depletion and, as a result, strong hydrophili-
sation occurs.

The results of our tests and settings of the UV system
are summarized in Table 2. These data show that the high-
est modification of low-£ films occurs after 172 nm irradia-
tion due to strong absorption of our material in this region
(Fig. 3). This correlates with a reduction of porosity and a
mean pore radius (as measured by EP). Moreover the ratio
Si—0/Si—CHj; (as calculated from FTIR) reflects that im-
provement of mechanical properties leads to reduction of
the number of hydrophobic CH; groups. This correlates
with WEP data. Mechanical properties are improved but
hydrophobic properties become significantly worse. In the
region of 200—400 nm the impact of photochemical reac-

Table 1 Possible reactions during UV and VUV irradiation and
their reaction energies (i.e., differences between energies of reac-
tants and those of products) [2].

reaction energy [eV]
1 0,Si—-CH, + HO-SiO, — 0,Si—-0-SiO,+ CH, 1.64
2 0,Si-H +HO-SiO, — 0,Si-0-SiO, + H, 1.43
3 0O,Si-CH;+H, — O,Si-H + CH, 0.21
4 0,Si-OH + HO-SiO; — 0,Si—0-SiO,;+ H,0 0.12
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Table 2 Summary of experimental conditions and results.

sample wavelength (nm) time (min) power FTIR Si—O/Si—CH; EP pore radii (nm) EP porosity (%) EPW water (%)
1 172 10 low 8.90 0.80 32 17
2 172 5 med 7.24 0.75 26 22
3 172 10 med 34.14 0.60 27 30
4 172 3 high 9.15 0.60 32 32
5 222 10 low 6.68 0.85 33 15
6 222 5 high 5.90 0.90 33 13
7 222 10 high 5.94 0.80 32 16
8 308 5 low 4.83 0.90 32 10
9 308 10 low 6.52 0.80 34 15

10 308 5 high 5.94 0.90 31 12

11 pristine - - 4.61 1.00 32 5

tions is low because of low low-k absorption. However, we
still observed some changes after 222 nm and 308 nm UV
irradiation. We can assume that it may be related to “hot
plate nature”. When a sample is irradiated with UV wave-
length from “hot plate” region, most of the light is trans-
mitted through low-k and warms up the Si substrate due to
strong absorption of silicon for the wavelengths shorter
than 400 nm. This effect could be related to multi-photon
absorption on the Si substrate near interlayer with the
low-k. Temperature of the Si substrate may play a role in
physical and chemical processes occurring during the UV
treatment of the low-k.

4 Conclusions The largest improvement of the me-
chanical properties of the low-k studied occurs during
172 nm UV irradiation due to the fact that the absorption
edge of the SOG low-k matrix lies below 180 nm. How-
ever, improving the mechanical properties of low-k films
by UV light leads to significant hydrophilisation. This
phenomenon is related to removing of hydrophobic car-
bon-containing groups as a result of UV induced photo-
dissociation and Si—O-Si cross-linking mechanism. The
degree of hydrophilisation of 172 nm was higher than in
the case of 222 nm and 308 nm. There are two possible
reasons. One reason could be related to the smaller degree
of photo-chemical reactions due to lower UV light absorp-
tion for 222 nm and 308 nm wavelengths. Another reason
might be related to influence of residual oxygen in UV

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

vacuum chamber which could be excited by 172 nm radia-
tion. Therefore, an optimal balance between improvement
of mechanical properties and hydrophilisation of a low-k
must be established.
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