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The structures and properties of hydrogen silsesquioxane (HSQ) films produced by curing were studied in the
temperature range of 240-340 °C for various curing times. The experimental results show that the
transformation of the cage structure to the network structure is the major reaction in the studied temperature
range. The cage—network transformation can be explained by two-stage zero order kinetics. The rate constant
of the first stage is 10-35 times more than that of the second stage. The activation energy and frequency factor
of the cage-network transformation are 64.63 kJ mol™! and 2.76 x 10* s~! for the first stage while those of
the second stage are 38.59 kJ mol ' and 4.11 s, respectively. The difference is probably because the network
structure of the second stage limits the structural transformation and results in a small frequency factor. The
porosity of the cured HSQ films increases rapidly with curing time in the first 10 min and then slowly for the
remaining time. The FE-SEM (Field Emission-Scanning Electron Miscroscope) result suggests the formation of
nano-pores in the cured film. The evolution of porosity is probably due to the outgassing of the reaction side-
product (SiHy), the trapped solvent (4-methylpentan-2-one) or the cage/network transformation. The last two
factors contribute significantly as shown by the refractive index results of the cured films. The increasing film
thickness with increasing curing time and temperature indicates the evolution of porosity in the HSQ film.

Introduction

Research interest in low dielectric constant materials for deep
sub-micron IC devices remains very high.'~ Poly(silsesquiox-
ane), such as hydrogen silsesquioxane (HSQ), has been
recognized as a potential candidate as a low dielectric constant
material.>” It has a mixed cage-network structure before
curing and part of the cage structure transforms to a network
structure after curing as shown in Fig. 1. The dielectric,®
mechanical,”'® and chemical-mechanical polishing (CMP)
characteristics' !> of HSQ films have been reported in the
literature. The properties of the HSQ films depend strongly on
the curing process. Liu and Dall® and Liou and Pretzer’ have
demonstrated the strong dependence of the mechanical and
dielectric properties of the HSQ films on the network:cage
ratio at temperatures above 350 °C. Analysis of the structural
changes during curing of HSQ have been reported in the
literature.'>!” The structures and reactions of HSQ films by
thermal curing have been studied by Belot ef al.,'* Loboda er
al.,'’> Albrecht and Blanchette,'® and Siew er al.!” There are
basically four possible stages during curing of the HSQ films:
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Fig. 1 Chemical structures of HSQ: (a) cage form, (b) network form.
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(1) room temperature up to 200 °C: solvent loss; (2) 250-
350 °C: cage—network redistribution as shown in eqn. (1a)—(1c):

2HSi03/, »H;,810,/, +Si04, (1a)
H, Si02/2 + HSiO3/2 —>Si04/2 +H; Siol/z (1b)
H3SiOl/2+HSiO3/2 —>Si04/2+SiH4 (1c)

(3) 350-435 °C (or 450 °C): Si-H thermal dissociation and
network redistribution as shown in eqn. (2a) and (2b):

4HSi03/,— 38104/, +SiH,4 (2a)

SiH4—Si+2H; or cleavage or Si — H (2b)

(4) >435 °C (or 450 °C): collapse of the pore structure.
However, most of current studies focus on the structures and
properties in the high temperature region of 350-500 °C. The
curing mechanism of HSQ in the low temperature range of
250-350 °C was only possibly suggested by eqn. (1a)—(1c) in the
literature.'®!” The details of the reaction kinetics and the
transformation of the cage structure to the network structure in
the low temperature range have not been explored vyet.
Furthermore, a quantitative analysis of the transformation of
the cage structure to the network structure is required to
understand structure—property relationships. In this study, the
structures and properties of HSQ films were studied when
cured in the temperature range of 240-340 °C with different
curing times. The studied properties included the cage-network
conversion (x), refractive index, film thickness (%), and porosity
(»). A kinetic model was used to simulate conversion in the
studied temperature range. The rate constant, activation
energy, frequency factor, and conversion of the network—
cage structural transformation were also determined. FTIR
was used to analyze the structural transformation and possible
side reactions during curing. The variation of refractive index
and porosity with curing temperatures and curing times was
used to support the evidence of the structural transformation.
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Experimental
Processing

The precursor, FOX-15 (solid content = 18%, solvent:
4-methylpentan-2-one), of HSQ was obtained from Dow
Corning, Inc. The obtained liquid was spin-coated on four-
inch wafers at 3000 rpm for 20 s. The coated films were then
cured on a hot-plate under a hood in the temperature range
240-340 °C and characterized at curing times of 0, 0.5, 1, 2, 3, 4,
5,10, 15, 20, 30, 40, and 60 min.. The structural transformation
and property variation changed rapidly initially and thus more
data points were taken initially.

Characterization

The chemical structure of the cured films on wafers was
characterized by Fourier Transform Infrared (FTIR) spectro-
photometry using a JASCO FT/IR-410 module. The transfor-
mation from the cage structure to the network structure
was monitored through the variation of the peak area of the
1070 cm ™! peak and the 1130 cm ™! peak. By subtracting the
peak area of the Si-O-Si network band at curing time t = 0
from that at r = ¢, the conversion (x) at each curing
temperature and curing time was defined as in eqn. (3) in
which vip70 em-1 @and vij30 em-1 represented the areas of the
1070 cm ™! and 1130 cm ™! absorption peaks, respectively.

x(n=(

v - v -
1070 cm—! 1070 cm ! )t:() (3)

V(1070 cm~! + 1130 cm~1)

The refractive index and the film thickness (/) of the cured
films on wafers were then measured using a GAERTNER
L116D ellipsometer (GAERTNER Scientific Co.). The poros-
ity (p) of the cured HSQ film was determined by the effective
medium approximation (EMA) module of the ellipsometer
(module: VB-200, J. A. Wollam Co.). Normalized film
thickness 4, shown in eqn. (4) was defined as the difference
between the value at time 7 (/,) and the minimum value (/,;,)
divided by /i, Normalized porosity p, shown in eqn. (5) was
defined as the difference between the value at time ¢ (p,) and
that at time zero (p; — ¢). Normalization was used to eliminate
the difference in the initial structures and properties for each
sample before curing.

—
V(1070 cm—! + 1130 cm~!)

hy—h;
By = ’hi’m“ 4)
min
Pn=Pt—Pi=0 Q)

Scanning electron microscopy using an Hitachi S-4000
instrument (Hitachi, Ltd.) was used to obtain electron
micrographs of the cross-section of the HSQ films.

Results and discussion

Fig. 2 shows the FTIR absorption peaks at 1070 and
1130 cm™! of the HSQ films cured at 300 °C at different
curing times. The peak intensity at 1070 cm™ ! increases with
increasing curing time while the peak at 1130 cm ™' shows a
reverse trend. Note that the peaks at 1070 and 1130 cm ™!
represent the network and cage structures of the HSQ films,
respectively.ls’16 Hence, the structural transformation from
the cage structure to the network structure at 300 °C increases
with curing time. Fig. 3 illustrates the intensity increasing in
the FTIR bands at 981 and 946 cm™! with curing times at
300 °C. These two bands are assigned to the formation of
H,Si0,), from HSiOs/,.'%!° Therefore, eqn. (1a): 2 HSiO3, —
H,Si0,, + SiOy, is the major reaction responsible for the
chemical reaction that occurred at 300 °C. The FTIR spectra of
the HSQ films cured at other temperatures also show a similar
behavior as that at 300 °C.

Fig. 4 shows the variation of the structural conversion (x) of
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Fig. 2 FTIR spectrum of the HSQ thin film cured at 300 °C for
different times from as-spun to 60 min.
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Fig. 3 Variation of the FTIR bands at 981 and 946 cm ™' with curing
times at the curing temperature of 300 °C.
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Fig. 4 Variation of the conversion (x) with curing times of 0-60 min at
curing temperatures of 240, 260, 270, 300, 320, and 340 °C.

the HSQ thin films with curing temperatures from 240 to 340 °C
and curing times from 0 to 60 min. A two-stage structural
conversion is observed for each curing temperature in this
figure. The conversion increases rapidly in the first 10 min and
then slowly increases to 60 min. This result suggests that the
cage structure of the HSQ films transforms to the network
structure during thermal curing. The cage-network transfor-
mation can be explained by a two-stage zero order kinetic
model since the self-structural transformation occurs during
curing. Fig. 5 shows the variation of the rate constants with the
inversion of curing temperatures by the Arrhenius equation for
the first and second stages. The rate constant of the first stage is
10-35 times more than that of the second stage. The activation
energy and frequency factor for the network-cage transforma-
tion are 64.63 kJ mol ! and 2.76 x 10* s™! for the first stage
while those of the second stage are 38.59 kJ mol ' and 4.11s™ 1.
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Fig. 5 Variation of the rate constants (units: s~ ') for the first (k;) and
second stages (k,) with the inverse of the curing temperatures (units:
K.

Sabin and Albrecht® also reported a similar activation energy
of 65.60 kJ mol ™" for the first stage. Albrecht and Blanchette'®
reported the activation energy of 57.88 kJ mol™! for HSQ
curing in the first five minutes, which is close to the activation
energy of the first stage. However, the second stage curing
kinetics are not observed in their study. The activation energy
of the second stage is comparable with that of the first stage.
However, the frequency factor is four orders of magnitude
smaller than that of the first stage. This is probably because the
network structure of the second stage limits the structural
transformation.

Fig. 6 shows the variation of the (Si—-H/Si-O-Si) peak ratio
with conversion (x) for different curing temperatures. The (Si—
H/Si—O-Si) peak ratio was calculated from the area of the peak
at 2250 cm ' (Si—H vibration”'>'%'®) divided by the peak area
of 1070 + 1130 cm ™! (Si-O-Si network and cage structures).
For curing at 240, 260, and 270 °C, the peak ratio remains
almost constant at different conversions. However, the peak
ratio starts to decreases at 300 °C and drops rapidly at 340 °C.
It is possible that Si-H bond cleavage [eqn. (2b)] probably
occurs in the temperature range of 300-340 °C. Loboda et al. '’
have shown that the oxidation of SiH, does not occur below
340 °C. Thus, it does not play a significant role in the structures
and properties of the HSQ films under the studied temperature
range.

The structures and properties of the cured HSQ films were
significantly modified by thermal curing. The FE-SEM (Field
Emission-Scanning Electron Microscopy) diagram of the HSQ
film curing at 300 °C for 60 min is shown in Fig. 7. It can be
seen that a substantial number of nanoscale pores exist in the
cured HSQ film, which do not exist in the initial cured HSQ
film. Fig. 8 shows the variation of porosity (p,) and film
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Fig. 6 Variation of (Si-H/Si-O-Si) FTIR peak ratios with the
corresponding conversion at curing temperatures of 240, 260, 270,
300, 320, and 340 °C.
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Fig. 7 FE-SEM diagram of the HSQ film cured at 300 °C for 60 min.

thickness (h,) with different curing times at a curing
temperature of 300 °C. The porosity increases by about 2%
for a curing time of 60 min while the film thickness increases by
2.5%. The increase in film porosity results in an increase in the
film thickness. The initial drop of the film thickness (vertical
line) in Fig. 8 is due to the evaporation of the solvent,
4-methylpentan-2-one. There are three possibilities for the
increase of the film porosity. One is outgassing of the side
products during thermal curing. The other possibility is that the
solvent trapped in the films comes out of the films during
thermal curing. H,SiO,, of eqn. (1a) can be further decom-
posed to SiH, and H, by thermal treatment, as shown in
eqn. (1b), (1¢c) and (2b). As SiH,4 escapes from the HSQ films, it
is possible for the formation of the film porosity. Siew et al.'”
also observed the decomposition of the trapped solvent and the
side products SiH4 and H, by TGA, which provides further
support for the present study. The cage-network transforma-
tion also contributes to the variation of film porosity. Note that
the cage structure of HSQ allows a denser packing than the
random structure and results in the variation of film porosity.

Fig. 9 shows the variation of the refractive index of the film
with curing temperatures and curing times. The refractive index
at a curing time of 60 min decreases from 1.388 to 1.369 as the
curing temperature increases from 240 to 340 °C, as shown in
this figure. For each curing temperature, the refractive index
drops rapidly in the first 10 min and remains almost constant
for the next 50 min. The refractive index is related to the
molecular composition and free volume. As shown in Fig. 4
and 8, the conversion and film porosity change significantly in
the first 10 min and slowly for the next 50 min. It explains the
refractive index profile shown in Fig. 9. At curing temperatures
of 240, 260, and 270 °C, there is no significant compositional
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Fig. 8 Variation of the normalized film porosity (p,) and film thickness
(hy,) of the HSQ thin films with different curing times at the curing
temperature of 300 °C.
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Fig. 9 Variation of the refractive index of the HSQ films with different
curing temperatures and curing times.

change from Fig. 6. Thus, the decrease in refractive index is
probably due to an increase in free volume. The variation of the
free volume is probably due to the outgassing of the trapped
solvents or the transformation of the cage-network structure.
At curing temperatures of 300 °C and above, Si-H bonding
decreases greatly with increasing curing time from Fig. 6.
However, the refractive index changes insignificantly after a
curing time of 10 min. It suggests that the compositional
variation from the dissociation of the Si-H bond contributes
insignificantly to changes in the refractive index. Furthermore,
the film porosity changes rapidly in the initial curing stage and
then reaches a steady value. Hence, the refractive index profile
shown in Fig. 9 is mostly dependent on the film porosity caused
by the outgassing of the trapped solvents or the cage—network
transformation in the studied temperature range.

Conclusions

A two-stage zero order kinetic model has been developed to
explain the network—cage transformation of HSQ films cured
in the temperature range of 240-340 °C. The rate constant in
the first stage is much larger than that in the second stage. This
is probably because the network structure of the second stage
limits structural transformation and results in a small
frequency factor. The porosity of the cured HSQ films increases
rapidly in the initial curing stages and then slowly for the
remaining time. The FE-SEM result suggests the formation of
nano-pores in the cured film. The evolution of porosity is
probably due to outgassing of the reaction side-product (SiHy),
trapped solvent or the cage—network transformation. The last
two factors dominate the formation of porosity and the
variation of refractive index in the cured films.
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