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We have investigated the low-temperature cure process to realize nanoporous organosilicate thin films at temperature below 150°C
by adding a small amount of photoacid generator (PAG) followed by UV irradiation. The Gemini surfactant, which decomposes
in the temperature range from 170 to 420°C, was used as a pore-generating material (porogen) for organosilicate matrix. The UV
pretreatment in the presence of PAG lowers the condensation temperature of poly(methyl silsesquioxane) matrix and leads to the
fast matrix vitrification enabling the addition of increased amount of porogens. Because the full vitrification of the matrix (150°C)
by UV pretreatment in the presence of PAG below the decomposition temperature of porogens (170°C) prevents the pore collapse,
the porosity up to 35.5% was achieved with an average pore size of 3.4 nm, as measured from X-ray reflectivity as well as
ellipsometric porosimetry. It is shown that both dielectric constant and refractive index continue to decrease to 2.0 and 1.26,
respectively. The present experimental system demonstrates that porogens with low degradation temperature can be successfully
incorporated to realize nanoporous films without pore collapse. Consequently, this process can widen the choice of porogens to

prepare nanoporous films.
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In the International Technology Roadmap for Semiconductors
(ITRS), new low dielectric materials below 2.1 in bulk dielectric
constant are required to minimize the interconnect delay caused by
high density of devices and wirings for high-performance semicon-
ductor chips.1 Among many candidates for ultralow dielectric mate-
rials, nanoporous organosilicate thin films are one of the promising
candidate materials, because their dielectric constant can be continu-
ously reduced by the incorporation of nanopores within the films.
Various nanoporous low dielectric films have been realized using
poly(methyl silsesquioxane) (PMSSQ) as a matrix material incorpo-
rating many kinds of pore-generating materials (porogens) such
as star-shaped polymers,2’3 block copolymers,™ cyclodextrins,
norbornenes,”'’ dendrimers,'"'? and hybrid-type porogens.13 To
achieve nanoporous structure without pore collapse, one of the key
factors in selecting a relevant porogen is the degradation tempera-
ture. The porogens used in previous studies were chosen or synthe-
sized to decompose at temperatures much higher than the tempera-
ture for matrix vitrification. Another important factor would be the
miscibility between a matrix and a porogen to realize nanopores
within the films with small size even at high porosity. Improved
miscibility with a matrix material has been achieved by the chemical
modification of end functional groups6 or end capping]2 of poro-
gens. However, the control over the degradation temperature of po-
rogens still remains difficult because the inherent chemical structure
should be altered.

In the present study, we employed the Gemini surfactant (GS) as
a new porogen which contains two hydrocarbon tails to generate
nanopores and a head group of hexamethytrisiloxane to improve the
miscibility with an organosilicate matrix. Recently, the GS has suc-
cessfully been utilized to realize mesoporous titanium oxides.'* Be-
cause the degradation temperatures of the GS porogens are not high
enough when compared with the vitrification temperature of the ma-
trix, the pores generated by the GS porogens frequently collapse
during the matrix curing. Here, we applied the UV-assisted low-
temperature cure process in the presence of PAG to vitrificate the
organosilicate matrix below the degradation temperature of GS to
avoid the massive pore collapse. The PAG is known to accelerate the
matrix condensation by generating superacid after UV irradi-
ation'>16 and, as a result, over 80% of condensation in the matrix is
achieved at 150°C. The nanoporous low-k thin films with dielectric
constant (k) around 2.0 are successfully realized by the low-
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temperature matrix cure process with the PMSSQ matrix/GS poro-
gen pair.

Experimental

Materials— A PMSSQ copolymer used as a matrix material
to realize nanoporous thin films was synthesized by the sol-gel
reaction with methyltrimethoxysilane (MTMS, Aldrich) and
1,2-bis(trimethoxysilyl)ethane (BTMSE, Aldrich)."” The
feed ratio between MTMS and BTMSE was 90 mol % of
MTMS and 10 mol % of BTMSE. The PMSSQ copolymer
prepared contains 25% of Si—-OH groups per silicon atom,
as  confirmed by 'H-NMR. The Gemini surfactant
{C13H37N(CH3),(CH,)30[Si(CH3),01]3(CH,)3N(CH3),C gH37Bro}
employed as porogens to realize nanopores within the films was
prepared by the reaction of 1,5-dibromopropoxyhexamethyl-
trisiloxane and octadecyldimethylamine, as previously described
elsewhere.'* The photoacid generator (PAG), triphenylsulfonium
trifluoromethanesulfonate, © was purchased from Hayashi Pure
Chemical. Mixtures of PMSSQ copolymer/GS porogen (90/10,
80/20, 70/30, and 60/40 by weight) dissolved in l-butanol were
spin-coated onto piranha treated silicon wafers at 3000 rpm for 30 s.
For UV irradiation, two UV lamps (Sankyo Denki) with the peak
wavelength around 254 nm were used. The UV dosage was
2.8 mW/cm? at a distance of 10 cm vertically from the lamps.

Characterization.— Refractive indexes and film thicknesses of
nanoporous thin films prepared were measured by an ellipsometer
(L116B-85B, Gaertner sci). For the measurement of absolute poros-
ity, X-ray reflectivity experiments were carried out at the 3C2 beam
line of Pohang Light Source (PLS). Film thickness, which is about
500 nm equivalent to the thickness of one layer in multilayered
low-k applications, was too thick to measure with X-ray reflectivity,
so the beam size was reduced down to the full-width at half maxi-
mum (fwhm) of 0.003° and the wavelength of X-ray was 1.54 A. To
saturate the porous films with toluene vapor, a vacuum-sealed cham-
ber with X-ray transparent windows was used. Pore size and pore
size distribution of the nanopores within the films were estimated
from the change in refractive index by varying the partial pressure
of toluene using ellipsometric porosimetry.”~ After measuring the
adsorption and desorption isotherms of toluene with different partial
pressures, the adsorbed and desorbed volume of toluene as a func-
tion of partial pressure were converted to the pore size and pore size
distribution. A detailed description on this measurement is published
elsewhere.'” Dielectric constants of nanoporous thin films were
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Figure 1. TGA traces of (a) a PMSSQ copolymer used in present study and
(b) a Gemini surfactant used as a pore-generating material.

measured with a dielectric analyzer in metal-insulator-metal con-
figuration at 1 MHz. For the measurement of dielectric constants,
highly doped silicon wafers were used as bottom electrodes. Alumi-
num top electrodes were deposited onto nanoporous thin film sur-
faces with 1 mm diam using a thermal evaporator. Mechanical prop-
erties of nanoporous organosilicate thin films were obtained with
depth-sensing indentation experiments using a Nanoinder XP (MTS
Corp.)20 A three-sided Berkovich diamond indenter was used for
nanoindentation measurements. For the accurate measurement of ap-
parent modulus (E’) as well as hardness (H) for the porous thin
films, dynamic contact module (MTS Corp.) was applied with fixed
loading and unloading rates of 0.003 mN/s.

Results and Discussion

To examine the thermal stability of organosilicate matrix mate-
rial and GS porogens, TGA measurements were first performed.
Figures la and b show the weight loss of the PMSSQ copolymer as
well as GS porogens. Two significant weight losses of the PMSSQ
copolymer were found at around 100 and 170°C. The weight loss at
100°C is mainly attributed to the evaporation of residual water and
casting solvent. Another weight loss at 170°C is caused by the con-
densation reaction between Si—-OH groups.

Si—-OH groups of the PMSSQ copolymer are estimated to be
about 25% per silicon based on '"H-NMR data (not shown here).
Because the PMSSQ copolymer consists of 10 mol % BTMSE and
90 mol % MTMS, the unit mass of the PMSSQ copolymer before
cure is expected as 76.0 with 1.1 silicons per one average unit.
When BTMSE (O, 5SiCH,CH,Si0, 5) and MTMS (CH3SiO 5) are
fully condensed after cure, the weight of each unit is 132 and 67,
respectively, and thus the calculated unit mass of the PMSSQ co-
polymer is 73.5. As a result, the calculated percent weight loss after
full condensation is 3.3%, which is qualitatively the same as our
TGA data shown in Fig. 1a indicating the 3.1% weight loss mea-
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Figure 2. (a) Refractive indexes and (b) relative porosities of porous films
prepared with GS without PAG.

sured from 110 to 210°C. Noted also there is an additional 3.6% of
weight loss in the high temperature window above 210°C, which
will be discussed below.

In the case of GS porogens, the molecular weight is 1076 with
two grafted hydrocarbon chains [2 X (CH,);7CH3] and thus the
weight fraction of the degradable unit is estimated to be 47%. This is
also in good agreement with the experimental value of 50% weight
loss in the temperature window ranging from 170 to 250°C, as
shown in Fig. 1b. We also note that because the onset temperature of
GS degradation is around 170°C, the matrix material should be fully
vitrified at temperatures below 170°C to create pores within the
films without extensive pore collapse.

Porous low-k films were prepared using the GS porogens by
varying porogen loading (10/90, 20/80, 30/70 GS/PMSSQ by
weight). As mentioned above, to prevent possible pore collapse, the
spun-cast films were initially cured at 150°C for 2 h followed by the
additional heating protocol to ramp up to 450°C with a heating rate
of 3°C/min. The organosilicate films were then calcined at 450°C
for 1 h to remove the porogens. The refractive index of each film
was measured by ellipsometry, as shown in Fig. 2a. Based on the
measured refractive indexes, relative porosities were also estimated
using the Lorentz-Lorenz equation, as represented in Fig. 2b. The
measured refractive index of the cured PMSSQ copolymer film
without GS porogen was 1.404 and the refractive index of porous
films gradually decreases with the increase in GS porogen loading.
Calculated porosity of each porous film with 10, 20, and 30 wt %
GS porogen loadings is 6, 10, and 14%, respectively. Because the
estimated porosity turns out to be lower than the actual loading
amount of the porogens, the low-temperature cure at 150°C is not
enough to guarantee the full condensation of the PMSSQ copolymer
to avoid possible pore collapse. The measured dielectric constant (k)
is 2.80 (without GS), 2.69 (with 10 wt % GS porogens), 2.43 (with
20 wt % GS porogens), and 2.40 (with 30 wt % GS porogens). Note
that with higher GS loadings above 30 wt %, the refractive index
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Figure 3. FTIR spectra for PMSSQ copolymer films (a) without PAG and
(b) with 1 wt % PAG annealed at 150°C for 10, 60, and 120 min.

measurement was not possible for cured films due to rough surfaces
originating from the dominant porogen collapse, implying that the
low-k films with k lower than 2.4 are not possible with the
PMSSQ/GS mixture system alone.

We investigated the degree of condensation of PMSSQ copoly-
mer cured at 150°C at different time using Fourier transform infra-
red spectroscopy (FTIR). As shown in Fig. 3a, the as-cast film
shows the Si-C vibration at 768 cm™!, Si-OH vibration at
902 cm™!, Si—O-Si asymmetric vibration at 1105 cm™', Si—-CH; de-
formation at 1270 cm™!, and OH vibration at 3360 cm™!. After UV
treatment for 10 min in the absence of PAG, no significant change in
the FTIR spectrum was observed. When the films were cured at
150°C for 10 min, the Si—OH vibration and OH vibration peaks
marginally decrease and, at the same time, the vibration peak at
1030 cm™!, corresponding to the Si—O-Si network structure, in-
creases due to the condensation reaction between Si—OH groups.
When the cure time is increased from 60 to 120 min, the peak area
of Si—OH vibration at 902 cm™' relative to that of as-cast film
gradually decreases to 81, 74, and 64%, respectively, implying that
the matrix condensation at 150°C is not extensive enough to prevent
pore collapse. As a result, as shown in Fig. 2, the porous films
containing GS porogens show lower porosity than initially expected.

To find good use in low-temperature degradable porogens such
as GS porogens, the matrix condensation temperature should inevi-
tably be lowered. To accelerate the matrix condensation at low pro-
cess temperatures, one possible way is to use an acid or base catalyst
as a curing agent. However, that kind of catalyst is not a good
candidate because it accelerates the matrix condensation so fast in
ambient condition that the controlled curing is not possible, creating
problems in storage. In the present study, we used a PAG to bring
down the matrix condensation temperature because it has been
known that the PAG generates acid upon UV irradiation. When
1 wt % of PAG was added to the PMSSQ copolymer and UV irra-
diation was performed on the films at the dosage of 2.8 mW/cm?,
the FTIR spectra clearly showed the effective matrix condensation at
low cure temperature such as 150°C, as verified in Fig. 3b. Upon
UV irradiation for 10 min, the Si—-OH vibration peak reduced to
83% due to the structural change in the PMSSQ copolymer due to
the acid generated. During thermal cure at 150°C, the facile conden-
sation among Si—OH groups occurs within 10 min and only 15% of
Si—OH groups remain. Upon a further increase in cure time to 60
and 120 min, the amount of residual Si—-OH groups is further de-
creased to 13%, implying that the Si—-OH condensation almost levels
off at around 10 min of cure at 150°C. Concurrently with the con-
densation of Si—OH groups, the Si—O-Si network structure is also
extensively formed, as demonstrated in the increase of Si-O-Si vi-
bration peak at 1030 cm™' within 10 min.

Note that when the PMSSQ copolymer is cured at 450°C with or
without PAG, the refractive indexes of those two cases are different;
1.381 with PAG and 1.404 without PAG. Note also that the dielec-
tric constant of the PMSSQ copolymer with and without PAG was
measured to be 2.68 and 2.80, respectively. This implies that the film
properties were also altered by adding PAG even before porogens
are added. To find the clue for the difference in both refractive index
and dielectric constant, FTIR experiments were carried out. After
thermal cure at 450°C, as shown in Fig. 4a, the film containing PAG
has a slightly higher peak at 1130 cm™', which is assigned to the
cagelike structure of MSSQ, than the film without PAG. In the case
of the film without PAG, when we compare the FTIR spectra of
as-cast film with that of the film after thermal cure, the area under
the Si—~CH; deformation peak at 1270 cm™' decreases by 10% upon
cure, as shown in Fig. 4b. On the other hand, with the film contain-
ing PAG, the area under the Si-CH; deformation peak at 1270 cm™!
almost remains the same, as evidenced in Fig. 4c. The experimental
data suggest that the cagelike structure of PMSSQ copolymer
evaporates during the thermal cure without PAG while the MSSQ
cages are trapped by doping PAG into the film because the acid
generated by PAG facilitates the matrix condensation. Additionally,
the trapped cages contribute to the formation of micropores within
the PMSSQ copolymer film, resulting in low refractive index and
dielectric constant. Additional indirect evidence to support this ex-
planation can be found in the change of film thickness after cure.
Without PAG, the film thickness after cure was reduced by 13%
relative to the thickness of as-cast film while the film containing
1 wt % PAG shows only 9% decrease in the film thickness after
thermal cure. This implies that the evaporation of cagelike PMSSQ
structure is about 4%, which is in good agreement with the TGA
traces in Fig. 1a of the additional weight loss of 3.6% above 210°C.

We successfully lowered the condensation temperature as well as
the starting dielectric constant of the PMSSQ copolymer with the
aid of PAG followed by UV treatment, which makes possible the
vitrification of the PMSSQ copolymer below the degradation tem-
perature of GS porogens. To confirm this low-temperature cure for
the matrix, films of PMSSQ copolymer/1 wt % PAG with varying
GS porogen loading (90/10, 80/20, 70/30, and 60/40 by weight)
were prepared. Prepared films were pretreated with UV for 10 min
and then cured at 150°C for 2 h under vacuum, followed by final
calcination at 450°C for 1 h under nitrogen to yield porous thin
films.

The change in refractive index of nanoporous films with different
GS porogen loading is shown in Fig. 5a. With the increase in poro-
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Figure 4. FTIR spectra of PMSSQ copolymer films after cure (a) with PAG
and without PAG, (b) as-cast and cured films without PAG, and (c) as-cast
and cured films with PAG.

gen loading, the refractive index gradually decreases. We found that
the refractive index continues to decrease down to 1.255 when
40 wt % porogens are added. We emphasize at this point that the
nanoporous thin films with smooth surface are only possible with
the presence of PAG in the matrix for porogen loading higher than
40 wt %. As shown in Fig. 5b, the estimated relative porosity is 2%,
13%, 22%, and 31% for the porogen loadings of 10, 20, 30, and
40 wt %, respectively. This implies that porous films prepared in the
presence of PAG have higher porosity compared with the films in
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Figure 5. (a) Refractive indexes and (b) relative porosities of porous films
prepared with GS with PAG.

the absence of PAG (Fig. 2) because the addition of PAG and further
UV treatment decrease the matrix condensation temperature, pre-
venting pore collapse during thermal cure at higher temperatures.
To obtain information on the absolute porosity of porous films,
X-ray reflectivity experiments were carried out under air as well as
in toluene saturation environment. Figure 6 shows experimental
X-ray reflectivity curves as a function of ¢ [¢ = (4m/\)sin 6, A~']
with different porogen loading (0, 10, 20, 30, and 40 wt %). It has

Reflectivity (a. u.)

0.02 0.03 0.04 0.05
21
q(A’)

Figure 6. X-ray reflectivity curves for nanoporous films with different po-
rogen loadings. To obtain the absolute porosity of the porous films, X-ray
reflectivity measurements were performed under ambient and also in toluene
saturation environment.
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been well known that the critical angle, at which grazing X-ray
beam starts to penetrate into the film and the reflectivity drops
sharply, is related to the average electron density of the film as
follows

B = Npr/m)*? [1]

where p, is the average electron density and r, is the classical radius
of an electron. Measured average electron density (e~/cm?®) was
converted to the density of a film (g/cm?) based on the theoretical
atomic compositions of Si:O:C:H (15.8: 23.8: 15.8: 44.6).

The equations for film densitzy with and without toluene sorption
in the film are given as follows 123

Pair = pwall(1 - P) [2]

Psaturated = pwall(l - P) + ptolucncP [3]

where pair, Pwalls Psaturateds 304 Proluene are the film density measured
in air, the density of wall material separating pores, the film density
measured in toluene saturation environment, and the density of tolu-
ene, respectively.

As expected, the critical angles for porous films without toluene
sorption decrease with the increase in porosity due to the reduction
of film density. Upon toluene treatment, for which toluene vapor
readily diffuses into accessible pores within films by capillary con-
densation, the gap in two critical angles (with and without toluene
sorption) increases with the increase in porosity.

The calculated porosities (P) based on Eq. 2 and 3 are summa-
rized in Table I. Compared with calculated relative porosity, as
shown in Fig. 5, the absolute porosity measured by X-ray reflectivity

G175

shows a higher value because the toluene vapor fills up the pores
generated by calcining out the porogens as well as the inherent
micropores of the PMSSQ copolymer.

To gain information on the pore size and pore size distribution
which are one of the important pieces of information on nanoporous
low-k dielectric layers, ellipsometric porosimetry experiments were
carried out for porous films prepared with 30 and 40 wt % of poro-
gen loadings. The adsorption isotherms with toluene vapor are
shown in Fig. 7a and b. From the toluene desorption trace, the pore
radius distribution was calculated, as shown in Fig. 7c and d. Both
porous films indicate the two desorption modes corresponding to
pore radii of 0.9 and 1.7 nm. Because the PMSSQ copolymer itself
has an absolute porosity of 5.9%, as measured from X-ray reflectiv-
ity, the small pores with a radius of 0.9 nm are believed to originate
from the inherent micropore structure of the PMSSQ copolymer.
The larger pores with a radius of 1.7 nm are then assigned to the
pores generated by the calcination of porogens. Note that regardless
of the porogen loading up to 40 wt %, the two different pore sizes
within the films are almost constant, implying the effective suppres-
sion of pore collapse with the aid of UV treatment in the presence of
PAG in the films.

Finally, the dielectric constant of prepared porous films was mea-
sured and also listed in Table I. Dielectric constant of the PMSSQ
copolymer itself without porogens is 2.68 and the dielectric constant
gradually decreases down to 2.00 with increasing the porogen load-
ing up to 40 wt %. In addition, the modulus and hardness were also
measured to study the effect of porous structure on the mechanical
properties of low-k films. Loading rate was optimized to obtain in-
trinsic mechanical properties of low-k films excluding the substrate
effect and thus a loading rate of 0.003 mN/s was applied. To ex-

=l Adsorption
== Desorption

o4 08 .8 10 Figure 7. Toluene adsorption isotherms of
PP, nanoporous films for (a) 30 and (b)

40 wt % of GS porogen loadings. Pore

size distribution is also estimated based on

.35 0.5
030 b (b)
o4 p
o 025F @
5 5
S 020} - |
- -
£ £
R | g 02 f
5 ]
F oo} =
== Adsorption o1k
005 == Desorption
40 4 A i A 00 A
00 4.2 04 0.6 0.8 1.0 o0 0.2
PP,
12 10
(c) e Adsorption (d)
—— Desorption
10p
E s 5
3 3
3 B
c 8 ¥
> L]
£ E
e 4 S
2
¢
01 1 10 100 01

Pore Radius {nm}

the toluene desorption isotherm for (c) 30
and (d) 40 wt % of porogen loadings.

—t— Adsorption
—@— [esorption

10 100

Pore Radius {nm}

Downloaded 20 Jul 2009 to 147.46.182.29. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



G176

Table I. Dielectric constant (k), apparent modulus (E’), hardness
(H), and porosity (P) for nanoporous films prepared in present
study

Porogen loading (wt %) k E’ (GPa) H (GPa) P (%)
0 2.68 4.32 0.563 5.9
10 2.62 4.23 0.546 9.3
20 2.37 3.16 0.395 17.5
30 2.16 2.03 0.239 23.8
40 2.00 1.27 0.126 35.5

# Porosity is estimated from X-ray reflectivity experiments measured in
ambient condition and after toluene vapor sorption.

clude the substrate effect, apparent modulus and hardness values
were extracted at a normalized depth of 0.05 and these values are
summarized in Table I. Note that the apparent modulus and hardness
values decrease with the increase in porosity because pores intro-
duced within the films reduce the density of MSSQ copolymer films.

Conclusions

We investigated the low-temperature condensation process of or-
ganosilicate matrix thin films by the addition of PAG followed by
UV pretreatment. The introduction of 1 wt % of PAG into the film
was effective to facilitate the Si-OH condensation. Fast condensa-
tion of the matrix locks up the GS porogens before their degrada-
tion, resulting in high porosity (P ~ 36%) with a small pore size of
about 3.4 nm and expanding the upper limit of porogen loading
without pore collapse. With this matrix treatment process, the poro-
gens with low degradation temperature (<200°C), such as GS po-
rogens, were successfully applied to realize nanoporous ultralow
dielectric thin films (k ~ 2.0) and the dielectric constant of the
PMSSQ copolymer itself was also lowered by containing more
cages within the film due to the UV treatment. This process allowed
us to widen the choice of porogens to realize nanopores within or-
ganosilicate films because nanoporous films can be obtained without
controlling the degradation temperature of porogens simply by low-
ering the matrix condensation temperature.
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