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Observing hydrogen silsesquioxane
cross-linking with broadband CARS

Allison G. Caster,? Stefan Kowarik,? Adam M. Schwartzberg,®
Olivier Nicolet,? Sang-Hyun Lim® and Stephen R. Leone?*

Broadband coherent anti-Stokes Raman scattering microscopy (CARS microscopy) is used for real-time measurements of in situ
cross-linking of the photoresist material hydrogen silsesquioxane (HSQ). Using samples baked at different temperatures, and
therefore cross-linked to varying degrees, characteristic Raman bands are identified for the open ‘cage’ structure (345 cm~’,
454 cm™" and 562 cm™") as well as the cross-linked ‘network’ structure (484 cm™'). Cross-linking can also be induced by
absorption of high intensity near-infrared (IR) laser light (~10'> W cm~2) and followed in real time by monitoring the
characteristic Raman bands. Using the time resolution of CARS to follow the HSQ reaction during the laser exposure, a two-stage
kinetic process is observed and associated time constants of 20 £+ 10 s and 3 & 1 min are determined for the IR laser-induced

cross-linking in films of ~1 um thickness. Copyright (€©) 2009 John Wiley & Sons, Ltd.
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Introduction

The ability to make increasingly smaller and thinner interlayer
dielectrics (ILD) is an important limiting factor in the quest for
more compact electronics. New photoresist materials, such as
hydrogen silsesquioxane (HSQ), can be suspended in a solution
with a volatile solvent and deposited by spin-coating the solution
onto the substrate. These ‘spin-on dielectrics’ are very promising
for simplifying the methods and time needed to produce smaller
electronics and thereby also reducing the cost!'-4 HSQ as a
monomer has a nominal cage structure with a Si—H at each corner,
bridged by oxygen [Fig. 1(a)]. Upon e-beam,**! ultra-violet or
X-ray exposure,l or heating,’~'% the monomer cages partially
cross-link into a network structure by forming additional bonds
between cages, thus becoming more glass like [Fig. 1(b)]. This
cross-linking may involve reactions with water vapor to produce
OH groups on the Si—H corners, which subsequently react to form
Si-O-Si bridges.*! Nanoscale features can be patterned in the
film, which have a different solubility than the surrounding parent
material, and traditional wet lithography can be used to remove
the unexposed regions.

However, there are challenges yet to be surmounted in using
HSQ and its derivatives commercially as photoresists, such as
irreproducibility and reaction front propagation beyond the
exposed region.'"®! There have been a variety of studies that
aim to determine the mechanism by which the network structure
forms,*7 19111 byt there are still gaps in understanding, and there
are only very limited means for monitoring the cross-linking
process as it occurs. In order to solve some of the problems for
producing desired features in HSQ for nanopatterning, ILD, and
other applications, it is necessary to understand the fundamental
chemistry taking place during the cross-linking. This is where
broadband coherent anti-Stokes Raman scattering (CARS) can
play a key role.

Inthe CARS process, two fields, called the pump and Stokes fields,
interact with the sample to induce coherent molecular vibrations.
A third probe field then scatters off of these vibrations to produce

the coherent anti-Stokes Raman signal. While very sensitive and
rapid measurements can be made with CARS microscopy using
multiple beams,'>=19! the essential feature of the broadband
method employed here is the use of a single, ultra-broadband
pulsed laser, which simultaneously provides all three photons
necessary to produce the CARS signal.l'”’ 2% Because the entire
signal is obtained from just a single laser beam, there are no
complications due to frequency tuning, timing jitter or alignment
between multiple beams. Broadband CARS microscopy can enable
rapid analysis of multiple Raman bands, especially when compared
to spontaneous Raman spectroscopy, while providing the full
fingerprint region Raman-equivalent spectrum.?'-23 The faster
spectral acquisition allows the possibility to monitor changes to
the Raman spectrum as the HSQ film undergoes its beam-induced
transformation from monomer cages to the cross-linked (network)
structure, the process utilized for patterning the films. To our
knowledge, the time scale of the fastest kinetics studies on HSQ
cross-linking to date are in minutes, compiled by taking Fourier
transform infrared (FTIR) spectra of HSQ films baked for varied
amounts of time at different temperatures.”'% Although most of
the cross-linking occurs within the first minutes of heating, the time
resolution of these measurements is limited by the sample heating
and cooling times. However, with broadband CARS, spectra can
be acquired in situ on a sub-second time scale.
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Figure 1. Structure of HSQ (a) monomer (cage) form and (b) partially cross-
linked (network) form, showing some intermediate species.

In this article we show that cross-linking of HSQ can be induced
by the high intensity of a focused near-infrared (IR) laser beam
and monitored in real time by following the changes in the Raman
peaks that correspond to the cage and network structures. By
taking a spectrum every 500 ms, we are able to observe in greater
detail the initial fast kinetics, which demonstrates a two-stage
cross-linking mechanism.

Experimental

Hydrogen silsesquioxane [HgSigO1,, also indicated as polyhedral
oligomeric silsesquioxane (POSS)] films were prepared from a
flowable oxide solution (FOx-25, DOW Corning, 15-40 wt% HSQ
in a volatile methyl siloxane solvent). Thin films were produced
by spin-coating 120 ul of the solution onto glass microscope
coverslips at 800 rpm for 305, yielding films of approximately
1-1.2um in thickness, as measured with profilometry. Films
were then cured on a hot plate in air for 10 min at 150 °C to
evolve any remaining solvent. All samples were stored under
high nitrogen flow when not being measured. For temperature-
dependent measurements, samples were baked for 10 min at
150°C, 250°C,300°C,350°Cand 450°C £15°C.

To obtain coherent Raman spectra of the thin film samples,
we used the broadband CARS setup shown in Fig. 2. All three
electric fields for the CARS process are generated in a single pulse
by a Ti:Sapphire laser oscillator (KM Labs) operating at 90 MHz,
providing approximately 20-fs pulses with 120 nm of bandwidth
centered at 800 nm. After a telescope, the beam passes through an
all-reflective 4f geometry pulse shaper. Within the pulse shaper, the
light s first dispersed into the Fourier plane by a 600-grooves/mm
diffraction grating, then collimated and passed through a dual-
mask 640 pixel spatial light modulator (SLM-640-D, CRI), which
is configured for phase and polarization shaping. Most of the
broad spectrum passes through unchanged, and these spectral
components act as the pump and Stokes fields for the CARS
process. A narrow probe field is differentiated within the beam by
applying a 90° phase and polarization change to a narrow spectral
region with the SLM. For these experiments, a probe centered at
759 nm with a width of ~1 nm was employed, corresponding to a
spectral resolution of about 17 cm~'.

Afterthe SLM, the beamisagain collimated,and asecond grating
compresses it back into a short pulse. The light is then focused
onto the sample through a 1.2 NA water-immersion objective
(60x UPlanApo, Olympus), and the signal is collected through a
0.85 NA air objective or 1.0 NA water objective. The average beam
power is 46 mW before the microscope, focused to a diffraction
limited spot of ~400 nm diameter, giving an approximate peak
intensity of 2 x 10" W cm™2. The laser light is removed by a
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Figure 2. Experimental setup for broadband DQSI CARS. GR, grating; SM,
spherical mirror; P, polarizer; SLM, spatial light modulator; SLT, slit; OBJ,
microscope objective; S, sample; FR, Fresnel rhomb; SWP, short-wave pass
filter; RP, Rochon prism; IS, imaging spectrometer; CCD, two-dimensional
charge-coupled device.

sharp-edge short-wave pass filter (740 AESP, Omega Optical), and
the overall polarization is rotated by 45° by an achromatic half-
wave plate (Fresnel Rhomb, CVI). A Rochon prism (CVI) splits the
signal into two traces of horizontal and vertical polarization, which
are focused into a spectrometer (SP2300i, PI-Acton) and imaged
simultaneously by a two-dimensional CCD detector (DV401-Fl,
Andor).
The total CARS signal is given by

S o |Pg + Prgl? = Pr*Pr + Png? + Prr(P* + Pg)

where Pgr and Pygr are the resonant and nonresonant transient
polarizations, respectively. Due to the broad bandwidth of
the laser, the resonant Raman signal is accompanied by a
large nonresonant background, Pygr, which is several orders of
magnitude larger than the desired resonant signal, induced
by four-wave mixing within the sample itself."3! However, the
resonant and nonresonant signals are coherent. To detect the
weak Raman signal, it is therefore necessary to either suppress
the nonresonant background or use the nonresonant light
for homodyne amplification of the resonant signal.'8-29 By
acquiring two projections of the signal simultaneously, it is
possible to measure both the nonresonant background and the
homodyne-amplified resonant CARS signal (the cross-term in the
above equation) using double-quadrature spectral interferometry
(DQSI).24 The resonant CARS signal (i.e. the imaginary part of
the cross-term in the equation above) is obtained by taking the
normalized difference

Si(w) — Y(w)
Si(w) + Si(w)

D(w) =

where S’ and §/ are the top and bottom projections of the signal on
the CCD, yielding the resonant signal D(w) in units of /counts.!'”

Significant spectral phase (chirp) is introduced by the focusing
objective, which must be compressed at the focus to ensure the
short duration and broad bandwidth of the laser pulse at the
sample position. Prior to taking spectra, the first and second order
components of the chirp are compressed with the appropriate
phase mask on the SLM by optimizing the intensity and bandwidth
of the total nonresonant signal from the sample itself. In this study,
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homodyne-amplified CARS spectra were collected, and the region
from 300 to 675 cm~! was analyzed to monitor the changing HSQ
bands during cross-linking. A spectral width of up to 1100 cm™!
can be achieved, as has been previously demonstrated.l?%

Results and Discussion

Broadband CARS is used to study the temperature dependency
of cross-linking in HSQ and the real-time kinetics during laser-
induced cross-linking. Figure 3(a) shows CARS spectra for HSQ
films baked for 10 min at temperatures of 150°C, 250 °C, 300°C,
and 450°C. Clear spectral changes are visible with increasing
baking temperature, demonstrating the chemical sensitivity of
CARS with respect to the HSQ microstructure. The film baked at
150°C corresponds primarily to the nominal cage structure, as
established in previous studies of thermal curing of HSQ, which
show that the HSQ cages cross-link to the network structure
only upon heating above 190°C"" With increasing baking
temperature, and therefore increased cross-linking, Raman bands
at342cm~',454cm~", and 562 cm~! disappear, whereas a band
characteristic of the network structure grows in at 484 cm™'. In
order to identify the Raman bands in the cage and cross-linked
HSQ, we also performed spontaneous Raman spectroscopy on
films baked at 150 °C as well as 350 °C for 10 min. Comparison of
the CARS spectra in Fig. 3(a) to spontaneous Raman spectra (not
shown) demonstrates very good agreement of peak positions and
lineshapes, showing that the homodyne-amplified CARS spectra
are equivalent to the spontaneous Raman spectra from 300
to 675 cm™". Further, the comparison demonstrates the higher
sensitivity of the broadband CARS, which requires integration
times of only 1 s for spectra in Fig. 3(a), as opposed to the minute
timescale for spontaneous Raman spectra.

In a second set of experiments, we have utilized the time
resolution possible in the CARS measurements to study the
kinetics of near-IR cross-linking, as shown in Fig. 3(b). In contrast
to curing the films at different temperatures for Fig.3(a), the
changes in Fig. 3(b) are induced by focusing the near-IR beam into
a diffraction limited volume, with an approximate peak intensity
of 2 x 10" W cm~2. While 50 ms integration time is sufficient for
reasonable signal-to-noise ratios, the spectra as shown in Fig. 3(b)
have an acquisition time of 0.5 s, which is still fast compared to the
timescales of cross-linking. With increasing near-IR exposure time,
we see spectral changes similar to the ones observed upon baking
the HSQ films, demonstrating that HSQ cross-linking occurs.

The clear isosbestic point at 535cm™" (Fig. 3) suggests the
reduction of one species and the growth of another. By comparing
the spectra in Fig.3(a) and (b), one sees that the amount of
conversion to the network structure after 10 min of near-IR
exposure is greater than for the sample heated to 300°C for
10 min. Since it has been reported that HSQ does not have any
direct sensitivity to cross-linking under near-IR exposure,’® we
consider multiphoton absorption and heating in the focus of the
intense beam as two possible conversion mechanisms. At the
powers used, some heating of the sample is expected in the beam
focus, but note that a temperature of at least 190 °C must be
reached to initiate bond rearrangement in HSQ.'! To determine
whether heating was the primary mechanism, we measured the
cross-linking rate using a water-immersion collection objective. If
heating played a significant role in the cross-linking, we reason
that the water should slow the cross-linking by better thermal
removal of the heat, thus resulting in a lower temperature within
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Figure 3. Coherent anti-Stokes Raman spectra of HSQ. (a) Temperature
dependence of cross-linking in samples baked for 10 minat 150 °C, 250 °C,
300°C or 450°C. The HSQ cross-linking proceeds more completely at
higher temperatures. (b) Real-time and in situ monitoring of cross-linking.
The sample was baked for 10 min at 150 °C, then continuously exposed
to the focused near-IR beam for the next 10 min. Spectra were taken after
0, 16 and 32 s and 10 min of near-IR exposure with an integration time of
500 ms.

the focal volume. However, it was observed that when water was
in contact with the sample during exposure, the cross-linking
rate did not change. Furthermore, it was observed that when the
average laser power was reduced by half, the rate for the initial
stage of cross-linking decreased by a factor of ten. This implies
a strongly nonlinear process, suggesting that the primary cross-
linkingmechanisminthelaserfocusis multiphoton photo-induced
cross-linking.

Based on observations and calculations reported by Bornhauser
and Calzaferri/?®) we can assign the Raman bands in the
CARS spectra of noncross-linked (cage) HSQ. However, previous
Raman assignments for cross-linked (network) HSQ are not
available. For the noncross-linked HSQ films, we assigned the
342cm™' and 562 cm™! peaks to O-Si-O bends, compared
to spontaneous Raman spectroscopy values of 341 cm~' and
576 cm~! (calculated).?>! The 454 cm~" peak was assigned to the
Si-O-Si symmetric stretch, compared to 446 cm ™' (calc.).[*!
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After 10 min of near-IR exposure, the O-Si-O bend peaks at
342 cm~! and 562 cm~! decrease to about 25% of their original
intensities, as does the Si-O-Si symmetric stretch at 454 cm~', while
a new peak at 484 cm™~' emerges. As the HSQ cages cross-link,
the structure becomes more and more like that of SiO, (SiO4,2),
as Si-O-Si bonds replace Si-H bonds.”! We attribute the loss
of the O-Si-O bending peaks to the change of the cage O-Si-0
bonds, with an angle of approximately 109.5°,2%! to the network
O-Si-0bonds, which are possibly more linear and rigid compared
to the cage bonds. We tentatively assign the 484 cm™' peak to
a Si-O-Si symmetric stretch after cross-linking, as FTIR spectra
show that the Si-O stretch grows in as the network structure
forms,®! and there is a known IR-active Si-O-Si symmetric stretch
for cage HSQ at 481 cm~'.2°! We suggest that the 481 cm™’
band may become Raman active in the network structure due to
changes in symmetry. Furthermore, we expect that the increased
rigidity of Si-O-Si bonds in the network structure leads to an
increase of the stretching wavenumber from 454 cm~'. This
increasing rigidity can be pictured using a physical model of the
monomer cage, which is free to stretch and compress in almost
any direction, whereas the cross-linked cages become more fixed
in their positions as they form more bonds to other cages and the
existing network. Also, the 484 cm™' peak is substantially more
broad (FWHM 61 cm™") than the initial 454 cm™' peak (FWHM
30 cm™"), which may be due to the fact that network O-Si-O bonds
have a variety of possible angles and bond lengths at different
cross-linked sites,”?! leading to inhomogeneous broadening of the
linewidth.

For a more detailed analysis of the kinetics of cross-linking
we fitted the spectra in Fig.3(b) to determine the area of the
454 cm~',484 cm™, and 562 cm~! Raman bands. Figure 4 shows
the decay of the 562 cm™" peak (0-Si-O bend) characteristic of
the cage structure, and the rise of the peak at 484 cm~' (Si-O-Si
symmetric stretch) characteristic of the network structure, from 0
to 10 min. The data is best fit by a double exponential, with a fast
initial time constant of 24 s for the decay of the O-Si-O bend and
the increase of the network Si-O-Si stretch, demonstrating a direct
conversion from cage to network structure without long-lasting
intermediate species. The second stage of the HSQ cross-linking
kinetics occurs on a much slower timescale for which the fit gives
different time constants of 220 s for the decay and 120 s for the
growth, with the difference probably due to fit uncertainties and
neglecting inhomogeneous broadening. We reproduced this data
set on different days with several film samples, and obtained time
constants for the fast regime that range between 10 and 30 s. The
variability in the experiment is most likely due to variations in the
film thickness and laser peak intensity (due to incomplete chirp
compression). Note that the cross-linking is slower at the rim of
the Gaussian beam profile, where the exposure is lower; this effect
does contribute to the shape of the kinetics measurement, but it
does not change the conclusion that HSQ exhibits intrinsic two-
stage kinetics. This two-stage cross-linking kinetics of HSQ has also
been observed in multiple experimentsin ourlaboratories by using
X-ray induced cross-linking and X-ray spectroscopic detection. The
two-stage mechanisms of the cross-linking will be considered in
detail in a future report on the X-ray measurements.

Possible mechanisms have been proposed forthermallyinduced
cross-linking of HSQ [HSiO3,», Fig. 1(a)] above the onset of curing
at ~190 °C.7&1 Redistribution of the network leading ultimately
to SiO4/, bond formation is the primary mechanism proposed for
curing from ~250 to 350 °C.

Journal of

RAMAN
SPECTROSCOPY

- 484 cm’

30 ] [Si-O-Si-stretch] guwork

2

=

-]

-}:; 20

<

(7]

o

<C

T 10 -

[0

; *

562 cm’™!
0 0-Si-O-bend

0 60

—
120 180 240 300 360 420 480 540 60
Time / Seconds

Figure 4. Decay of the 562 cm~' peak area (O-Si-O bend) with time in
the near-IR beam, and growth of the 484 cm~' band (Si-O-Si symmetric
stretch). Solid lines are a fit to a double exponential. Both the decay and
growth kinetics exhibit a fast first stage with a time constant of 24 s and a
much slower second stage.

Remaining Si—H bonds within the network structure [unreacted
HSiOs3/; and intermediate species H,Si0;/, and H3SiO1 2, Fig. 1(b)]
create the porosity that gives the network HSQ its low dielectric
constant. SiH4 and H, are evolved throughout the cross-linking
reaction, and the role of water vapor in converting Si—-H to Si—-OH
also requires more analysis. From 350 to 435 °C, thermally induced
bond dissociation, especially Si—-H bond cleavage, increases the
reaction rate. Above 435 °C, the Si—H dissociation rate increases
rapidly, breaking the remaining cage-like bonds, leading to the
collapse of the porous network structure. Previously it has been
found that about 400 °C is the optimal temperature for thermal
curing of HSQ for use as an ILD for integrated circuits, giving the
best balance of mechanical stability and low dielectric constant.?%!
First-order reaction kinetics® and two-stage zero-order kinetics!'”
have both been proposed for the low temperature reaction
(250-350°C). The double exponential observed during near-IR
exposure in this study suggests a two-stage first-order mechanism
for the cross-linking. Note that the cross-linking is slower at the
rim of the gaussian beam profile, where the exposure is lower; this
effect does contribute to the shape of the kinetics measurement,
but it does not change the conclusion that HSQ exhibits intrinsic
two-stage kinetics.

Conclusions

With broadband CARS microscopy, we are able to measure cross-
linking kinetics in a novel spin-on dielectric material, HSQ, in situ
in 500 ms time intervals. The robust, single-beam interferometric
method used here to acquire broad Raman-equivalent spectra
allows for fast measurements that contain a great deal of spectral
information.

These studies show that HSQ cross-linking occurs rapidly within
the first minutes of laser-induced cross-linking with apparently
first-order kinetics, followed by a very long second stage. In
connection with X-ray microscopy experiments currently under
way, we hope to deduce whether the reaction always follows
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two-stage first-order kinetics and to determine what species are
involved in the two stages of the reaction. Improvements in
spectral width and sensitivity over the past year have opened new
possibilities for systems that can be studied with high spectral
and spatial resolution while acquiring full Raman spectra.?”) As
we explore the possibilities of this new single-beam, broadband
CARS technique, we will be able to gain more information about
not only HSQ but also the properties of other rapidly changing
chemical systems.
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