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ABSTRACT: We have developed a method for the oxidation of
organosilicate materials at temperatures considerably lower than
those typically required for uncatalyzed oxidation. The process
utilizes a combustible fuel delivered to the surface in an oxidizing
environment to locally oxidize materials with carbon—silicon
bonds. It also provides a level of control that cannot be achieved
through standard high-energy top-to-bottom oxidative procedures
such as UV—ozone and O, plasmas. While the latter processes
attack the outer interface, local oxidation can be achieved using
our process by manipulating the distribution of the combustible fuel. We use this technique to generate oxidized porous
organosilicate films with either a sharp oxidation front or uniform oxidation where the relative carbon content can be controlled
through the film thickness depending on processing conditions. Further, we show that this process can also be used to seal bulk
interconnected microporosity in films (<1 nm) without substantially changing the refractive index of the material. For both the
nominally dense and porous films, the surface oxidation is accompanied by an increase in the Young’s modulus and the oxidized
films can be readily functionalized using standard silane chemistry to provide a variety of chemical functionalities.
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B INTRODUCTION

Silsesquioxanes (SSQs) make up an important class of silicon-
containing materials used in a wide range of applications in
microelectronics,’ photonics,z’3 the biomedical field,*® and
catalysis.®> Spin-on-dielectrics based on silsesquioxanes have
most frequently been employed previously for gap filling and
planarization.” With the addition of a sacrificial pore generator
(porogen), these silsesquioxanes can be made porous to reduce
their dielectric constant for low-k applications.* Further, hydrogen
silsesquioxane is a common resist material of exceptional sensitivity
used in e-beam lithography.'” Because of the considerable
number of applications of silsesquioxane materials, processes that
can modify these materials in a controllable and reproducible
fashion are valuable.

Recently, numerous reports of porous silica-based thin films
prepared by a sol—gel process have been used to enhance the
detection of low-molecular weight proteins in serum.''™"
Porous thin films prepared in this manner from tetraalkox-
ysilanes by hydrolysis yield hydrophilic films and therefore are
easily wet by aqueous media. This characteristic is necessary for
aqueous biosensing applications. However, these silica sol—gel
films have been shown to be unstable under physiologically
relevant conditions (mildly alkaline) because of the acidity of
the silanol functionality and therefore are not be suitable for
extended studies in biological media.'*'* Another drawback
of the silica sol—gel materials and process is that these casting
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solutions are chemically unstable to aggregation and gelation and
need to be used shortly after mixing.

In contrast, silsesquioxane solutions can be stable for months
under suitable conditions, making them attractive starting
materials for the preparation of cross-linked organosilicate resins.
Further, the incorporation of carbon-containing substituents
increases the hydrophobicity and imparts hydrolytic stability to
the respective coatings.16 However, these materials are typically
very hydrophobic after curing, and hydrophobic porous films do
not readily fill with water.'” While this is advantageous for low-k
applications, it is not useful for biosensing.

Methods such as UV—ozone and O, plasma treatment are
typically employed for oxidizing silsesquioxane-based materials
to provide functionality and improve adhesion.'® *° These
methods are particularly aggressive, producing both radicals
and ions in the gas phase that cause extensive damage to the
organosilicate film upon impact and are difficult to control.”!
Because the reactive oxidizing species in these processes are
generated in the gas phase, damage is more likely to occur first at
the gas—solid interface, creating materials with nonuniform
properties through the thickness of the film with overoxidation
at the interface.””**
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Here we describe a thermal method for oxidizing cured
organosilicate films at relatively low temperatures that provides
control over both the extent and uniformity of oxidation. The
procedure for uniform oxidation is most useful for the trans-
formation of porous samples. The technique uses a combustible
fuel and an oxidizer to locally oxidize the organosilicate surface.
Depending on the conditions, the transformation can proceed
like the UV—ozone and O, plasma processes in which oxidation
occurs initially at the outer interface, creating a sharp oxidation
front even in porous samples. Alternatively, the fuel source can
be uniformly distributed throughout the porous material prior to
combustion, leading to a uniform oxidation profile across the
thickness of the film. Here, the spatial oxidation is governed by
the regional presence of the fuel. This treatment is particularly
efficacious for the uniform transformation of high-surface area
porous materials. We believe this level of control and versatility
will be useful in numerous applications, including microelectronics,
photonics, biomedicine, etc., where controlled surface functional-
ization is critical.

B EXPERIMENTAL SECTION

Materials. Octane, propylene glycol monomethyl ether acetate
(PGMEA), and cyclohexanone were used as received from Sigma-
Aldrich. Toluene was also received from Sigma-Aldrich and distilled
prior to use. Poly(styrene-b-4-vinyl pyridine) was purchased from
Polymer Sources, and Pluronic L121 was purchased from BASF.

Organosilicate Film Formation. The organosilicate used in these
studies was generated from a methylsilsesquioxane PMSSQ_copolymer
with a molecular weight of approximately 2K generated from a
methyltrialkoxysilane/tetraalkoxysilane mixture at a molar ratio of 3:1.
The PMSSQ stock solution provided by JSR Corp. was ~20 wt % solids
in propylene glycol propyl ether. A poly(styrene-b-4-vinyl pyridine)
with a styrene-block molecular weight of 19K and a 4-vinyl pyridine-
block molecular weight of SK from Polymer Sources and Pluronic L121
from BASF composed of ethylene glycol and propylene glycol blocks
with an overall average molecular weight of 4.4K were used as porogens.
Films were prepared by spin-casting at 2000 rpm for 60 s from solutions
prepared with 10 wt % solids of either PMSSQ_or PMSSQ/polymer
mixtures. The 10 wt % spinning solution was prepared as follows for
each film and was typically prepared on a 5—10 mL scale. The spinning
solution for the nominally dense organosilicate film (microporous
upon curing) was prepared by diluting the stock solution of PMSSQ to
10 wt % with propylene glycol monomethyl ether acetate (PGMEA).
For the sake of convenience, these films are denoted as MSSQ. Two
different porous films were used in this study. The spinning solution
for the first porous film was prepared by mixing a solution of the
MSSQ and the polymer. The stock PMSSQ was diluted to 10 wt % with
cyclohexanone, and poly(styrene-b-4-vinyl pyridine) was dissolved
in cyclohexanone at 10 wt %. These were then mixed at a 2:3
polymer:MSSQ _ratio to obtain a solution in which the solid is 40%
poly(styrene-b-4-vinyl pyridine). These films prepared by spin-casting
from this solution are designated as PS-P4VP/Si. The other porous film
was prepared by diluting the stock PMSSQ to 10 wt % with PGMEA and
preparing a 10 wt % solution of Pluronic L121 in PGMEA. These were
mixed to the same solid concentration of the polymer. The spin-cast
films are designated L121/Si. All films were initially baked at 450 °C
for 2 h in a nitrogen environment after a ramp rate of S °C/min to
the maximal temperature to set the organosilicate and decompose the
porogen.

Experimental Setup. Silsesquioxane curing, porogen decomposi-
tion, and organosilicate oxidation were performed on a Cimarec 2 hot
plate. An aluminum block with an embedded thermocouple was
placed on the hot plate, and the temperature was controlled using an
Omega temperature controller. The samples were placed directly on
the aluminum block and covered with a Pyrex crystallizing dish with a
ground glass joint on the top of the cover through which vapors make
contact with the samples. For silsesquioxane curing and porogen
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decomposition, the samples were heated under nitrogen to 450 °C for
2 h at a rate of S °C/min before cooling to room temperature. For the
organosilicate oxidation studies, all samples were previously cured in
pure nitrogen. Oxidation samples were heated to 450 °C and maintained
at this temperature; alternatively, the temperature was cycled between
two temperatures with a high—low difference of ~50 °C. For the
constant-temperature experiments, the conditions were identical to
those of the silsesquioxane curing step except that the vapor can be
either nitrogen or pure oxygen and a hydrocarbon fuel (nominally
octane) may be present. To introduce hydrocarbon fuels at varying
fractions of room-temperature saturation levels, two mass flow
controllers were used where the outlet of one was passed through a
bubbler with the liquid fuel (e.g., octane). The stream leaving the bubbler
was assumed to be 100% saturated at room temperature (abbreviated
P, /%) and mixed with the stream containing no hydrocarbon. The
mass flow controllers were adjusted to vary the concentration relative
to saturation (P.,/*C). For the temperature cycling experiments (vide
infra), one carrier gas stream was passed through the bubbler and
assumed to reach P, |*C. The temperature was rapidly increased to an
initial temperature 50 °C below the maximal temperature of the
experiment, further increased to the maximal temperature over a 10 min
period, and then decreased to the initial temperature (50 °C below the
maximum) over 1S min. This constitutes one temperature cycle, and
for each experiment, the cycle was repeated eight times before the
samples were cooled to room temperature. For example, if the maximal
temperature was 280 °C, the temperature was increased from 230 to
280 °C over 10 min and returned to 230 °C over 15 min. In the analysis of
oxidation trends, measurements (contact angle, thickness, refractive
index, and pore size) represent a single sample for each experimental
condition. To ensure that films were identical initially, each series was cast
from the same solution batch. In our experience, multiple measurements
within a single sample and between different samples were extremely
consistent (<10% variation).

Ellipsometric Porosimetry. Ellipsometric porosimetry measure-
ments were conducted using toluene on a home-built apparatus based
on the design of Baklanov et al.** utilizing a commercial spectroscopic
ellipsometer (Woollam M-2000V and WVASE32 acquisition software).
The sample chamber was constructed of anodized aluminum with
windows perpendicular to the beam at a fixed angle of 75°. Vacuum was
applied using a Welch Duoseal 1376 pump. The toluene partial pressure
was regulated using two MKS 248A control valves located before and
after the sample chamber to control the inlet and outlet flow rates, res-
pectively. A manometer measured the chamber pressure, and software
(Labview) controlled the two valves to achieve the desired pressure.

It should be noted that the refractive indices of all films were
calculated using a one-layer model. SIMS analysis of the element
composition indicated that three samples (MSSQ_in O, with octane
at Pygyse/™C and PS-P4VP/Si in O, with octane at Py g,50*°¢ and
Py5lC) displayed layered behavior (vide infra). However, because
of the similarities in the refractive index of these two layers, we were
unable to obtain consistent fits with a two-layer model, and therefore,
a one-layer model provided an accurate approximation. Similarly,
modulus values were analyzed in the same manner. Toluene-filled pores
of the nitrogen-cured and oxidized samples have nearly identical
refractive indices, making the layers indistinguishable when assessed by
ellipsometry. Thus, the one-layer model will provide an accurate
measurement of film thickness and, therefore, modulus.

Secondary lon Mass Spectroscopy (SIMS). The secondary ion
mass spectrometry (SIMS) measurements were obtained with the use of
a Cameca SC-Ultra instrument. The bombarding ion was Cs" at 2 keV
with a current of approximately 30 nA. The beam raster was 500 ym
square, and secondary ions (CsC*, CsO", and CsSi") were detected from
a 50 pym diameter at the center of the raster. The extent of surface
charging was reduced with the use of an electron beam at 3 keV.
Quantification of the C, O, and Si signals was accomplished by
determining the secondary ion yield ratios from reference MSSQ
films (450 °C in N, and 450 °C in O, with P,5,**) and assuming the
ratios were constant over the range of compositions. The ratios were not
constant as the signals progressed into the Si substrate, resulting in
inaccuracies in the Si substrate concentration.
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B RESULTS AND DISCUSSION

This oxidation process was initially discovered serendipitously
during a study of the surface energy of porous films cured at
450 °C for 2 h. Films cured in a high-purity nitrogen environ-
ment had a low surface energy (high water contact angle), as
expected. However, films cured in laboratory air had a much
higher surface energy, and water would either partially or
completely wet the surface. Thinking oxygen was the cause, we
designed a system to control the relative oxygen concentration
using a clean oxygen source. Curiously, under these conditions,
even films that were cured in pure oxygen still had a low surface
energy. Finally, it was determined that combustible, organic
contaminants in the laboratory air, in the presence of oxygen,
were responsible for the increase in surface energy. The following
describes a series of experiments designed to exploit this process
using octane and oxygen as the fuel and oxidizer, respectively.

Experimentally, the process of low-temperature organosilicate
oxidation is very straightforward. The oxidation process was
studied on three separate organosilicate films: a nominally dense
film (no added porogen), a film containing 40% PS-P4VP, and
a film with 40% L121 (designated MSSQ, PS-P4VP/Si, and
L121/Si, respectively, as discussed in the Experimental Section).
Briefly, the starting material used for these oxidation studies was
a silsesquioxane that was spun-cast and upon curing formed a
rigid organosilicate thin film. The nominally dense (no added
porogen, only silsesquioxane) MSSQ film was actually a micro-
porous material with an average pore size of <1 nm. The
micropores in the organosilicate film were formed during curing
of the silsesquioxane at 450 °C. PS-P4VP/Si and L121/Si films
were spun as a mixture of the silsesquioxane and a block polymer.
The block polymer contained a silsesquioxane compatible and
incompatible domain that led to microphase separation.
Treatment under nitrogen at 450 °C accomplished both curing
of the silsesquioxane and thermal degradation of the polymer
to yield mesoporous films with PS-P4VP/Si having the larger
pore size. Pore size is largely determined by the concentration,
block length, and interaction parameter.>® Details of the pore size
of each film will be discussed in detail with the ellipsometric
porosimetry results.

Before oxidation, the silsesquioxane had been previously cured
in nitrogen at 450 °C for 2 h and allowed to cool to room
termperature, to set the resin and decompose any organic pore
generators (porogen) in the film, creating a porous organo-
silicate. The organosilicate film was then exposed to an oxidizing
environment in the presence of a combustible hydrocarbon fuel.
Both the fuel and the oxidizer will physisorb to some extent on
the surface of the organosilicate. This includes all pore surfaces

that are accessible based on the interconnectivity of the material
and the molecular size of the adsorbant. The physisorption
process has been extensively studied and is similar to the process
used in nitrogen and toluene porosimetry. Further, some fuel and
oxidizer will be present in the vapor phase away from the porous
surfaces and the interface. Because of the elevated temperature of
the films during processing, the actual partial pressure in the
chamber during oxidation was low relative to the values quoted at
room temperature. Once the substrate reached the combustion
temperature, the fuel began to combust on the surface at a rate
that was dependent on temperature. Currently, the mechanism
for the oxidation process is not certain; however, the following
are two plausible proposals for the process. First, the combustion
process releases energy that locally increases the temperature of
the surface where the fuel is present. This local increase can be
significant enough to increase the temperature above what is
required for oxidation of the organosilicate initiating combus-
tion. A second possibility is that the radical species generated in
the combustion process attack and oxidize the organosilicate
directly. Regardless of the mechanism, the oxidation process can
be controlled by manipulating the spatial distribution of the fuel
and oxidizer within the film.

We begin by examining the role of octane in different environ-
ments on organosilicate oxidation at a temperature of 450 °C.
As described in the Experimental Section, the partial pressure of
octane was controlled using two mass flow controllers, one of
which was bubbled through octane using either nitrogen or
oxygen as the carrier gas. Via examination of the contact angles,
as shown in Table 1, it is clear that the presence of both octane
and oxygen is required to reduce the contact angle. The films
exposed to either nitrogen or oxygen alone both gave high values
for the contact angle, clearly indicating the oxidizing agent
alone is not responsible for the changes in surface energy. The
addition of octane at P, ¢o|*>° or Py, /€ of the room-temperature
saturation pressure to an oxygen-free nitrogen carrier gas stream
also left the films unaltered; however, with oxygen and octane
together, all three films became extremely hydrophilic with as
little as Py gys6/*°C. Similarly, the thickness and refractive index
of the films remained fairly constant when they were heated
to 450 °C in the presence of pure nitrogen, pure oxygen, and
mixtures of nitrogen and octane. However, mixtures of oxygen
and octane led to a considerable decrease in the thickness and
an increase in the refractive index as measured by ellipsometry.
For each sample, the thickness and refractive index were fit to a
one-layer model (Experimental Section for more details).

SIMS was chosen to examine the elemental depth profile
because of the exquisite sensitivity of the technique relative to
other depth profiling techniques, particularly for low elemental

Table 1. Contact Angles, Thicknesses, and Refractive Indices of the Dense and Porous Films Heated to 450 °C as a Function of the

Environment”

contact angle (deg)

thickness (nm)

refractive index at 650 nm

type of carrier gas and partial pressure of octane ~ MSSQ_ PS-P4VP/Si
control (N,) 103 105
N, with P, o€ 102 104
N, with P, *C 102 106
0, with Py, [*¢ 101 105
O, with Py 5*>¢ 12 0
0, with Py *€ 10 0
0, with P, 4, [*¢ 8 0

L121/Si MSSQ  PS-P4VP/Si L121/Si MSSQ  PS-P4VP/Si  LI121/Si
112 223 307 209 1.392 1.224 1.224
112 222 302 198 1.389 1231 1225
109 221 296 194 1.389 1.231 1.227
107 217 304 190 1.384 1.231 1.227

0 206 298 140 1.391 1231 1.282
0 164 256 145 1.429 1.246 1.278
0 160 222 140 1.431 1.256 1.282

“Po*C indicates the saturation level of octane relative to room temperature. The control sample was subjected to no further treatment beyond the
initial curing and porogen degradation step conducted in nitrogen, which was performed on all samples.
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Figure 1. SIMS profile of (a) carbon and (b) oxygen for MSSQ, (c) carbon and (d) oxygen for PS-P4VP/Si, and (e) carbon and (f) oxygen for L121/Si.
The figure legend displays the carrier gases and the percentages of octane relative to room-temperature saturation (P,e/?°¢). The control sample was
subjected to no further treatment beyond the initial curing and porogen degradation step conducted in nitrogen, which was performed on all samples.

concentrations. The elemental profiles as a function of depth are
shown in Figure 1, to determine the uniformity of film oxidation.
Panels g, ¢, and e of Figure 1 give the carbon content as a function
of depth of MSSQ, PS-P4VP/Si, and L121/Si, respectively.
Similarly, panels b, d, and f of Figure 1 display the oxygen
content of MSSQ, PS-P4VP/Si, and L121/Si, respectively.
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The composition given by elemental percentage has been
calculated from the secondary ion intensities using the method
described in the Experimental Section. The quantification failed
to accurately capture the composition of the underlying silicon
layer as discussed. For this reason, the displayed data have been
truncated at this interface; however, the unmodified secondary
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Figure 2. Schematic of the inhomogeneous oxidation process at 450 °C for a porous organosilicate film. Red dots represent molecular octane adsorbed
to the surface or in the vapor phase. Light and dark blue represent unoxidized and oxidized organosilicate, respectively. Oxygen is abundant and present

throughout but is not shown.

ion intensities are available in the Supporting Information.
Each figure shows the depth profile for the control film that is
cured and porogen decomposed in nitrogen as described in the
Experimental Section, as well as the additional treatment in
oxygen at 450 °C with varying levels of octane. In addition, we
have examined treatments in nitrogen in the presence of octane
for each film type (MSSQ, PS-P4VP/Si, and L121/Si). The films
having this additional treatment in nitrogen with octane had
depth profiles identical to that of the control film and are
therefore not displayed in Figure 1. The unprocessed profiles
for these films are available in the Supporting Information along
with those of the other unprocessed films. It is reasonable to
expect the composition of these films to remain unchanged as
there was no change in the measured contact angle, thickness, and
refractive index as shown in Table 1.

Figure 1 shows the oxygen-treated films (MSSQ, PS-P4VP/Si,
and L121/Si) in the absence of octane had profiles identical to that
of the nitrogen control for both carbon and oxygen, indicating the
presence of oxygen at 450 °C does not lead to oxidation. On the
contrary, the addition of octane to oxygen reduces the level of
carbon and increases the level of oxygen within the film.
Interestingly, this does not occur uniformly throughout the film
but at the vapor—film interface and propagates through the film.
This is apparent from the abrupt increase in the level of carbon
and the decrease in the level of oxygen at intermediate sputtering
times for the MSSQ and PS-P4VP-Si films treated at Pygysel*>©
(Figure la—d). Higher octane concentrations led to films that
were completely oxidized throughout the thickness. Further, PS-
P4VP/Si porous samples (Figure 1c,d) showed transitions at both
the Py 502> and Py 4¢>° octane levels, indicating that the depth
of the compositional transition in the film can be controlled by
the concentration of octane in the vapor. Increasing the octane
concentration beyond this point for either sample led to complete
oxidation as occurred for the L121/Si porous films (Figure 1le,f) at
all octane concentrations. In general, the reduction of carbon leads
to a corresponding increase in the level of oxygen that explains
the depth profile of the oxygen composition. Interestingly, there
is also a noticeable peak in the oxygen concentration near the
silicon interface for PS-P4VP/Si samples in oxygen at Py gysel*>
and P55/, which is attributed to a change in porosity. It is
known that a porogen can accumulate at interfaces depending
on the interactions with the underlying surface.”**” The increased
porosity due to accumulation would lead to lower solid contents
and more surface area near the interface causing the oxidation to
proceed more rapidly. This explanation is consistent with the
oxidation of L121/Si being more rapid that that of PS-P4VP/Si
because of the smaller pore size.

This transition in the carbon and oxygen composition of the
film can be rationalized by the spatial location of the octane
combustion as described in Figure 2. At room temperature, fuel
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(red dots representing molecular octane) is adsorbed throughout
the porous film. As the temperature is increased to 450 °C, the
fuel combusts and becomes depleted throughout the film, leaving
the film devoid of octane throughout its thickness. Oxygen
is the carrier gas and is at a considerably higher concentration;
therefore, it is assumed oxygen will not be the limiting reagent in
the process. The initial temperature ramp will result in some
oxidation from the fuel initially coated on the pores; however,
this effect is minimal because of the small amount of octane
present during the initial ramp. The oxidation primarily occurs
once the temperature reaches 450 °C where the fuel combusts
rapidly when it contacts the hot surface. Because combustion
decreases the concentration of octane and this occurs rapidly as
the octane approaches the hot interface, the distribution of
octane will be inhomogeneous throughout the depth of the film,
explaining the inhomogeneous oxidation for films that were not
completely oxidized.

Combustion is a random process, and the octane will have
a distribution of residence times prior to combustion. Initially,
only the outer interface will be recognizably oxidized, but
increasing the time will increase the probability of encountering
longer-lived octane species that reach the inner portion. After 2 h,
the oxidation front reached a certain point within the film and
heat was removed, terminating the combustion. The octane
concentration also plays a role in the depth of penetration of the
oxide front. Low octane concentrations provide a lower probability
of octane reaching the inner portion of the film; thus, only the
vapor interface becomes oxidized, while the interior is largely
unaffected. Increasing the octane concentration leads to a higher
probability of octane reaching the inner portions of the film, which
moves the oxidation front further toward the substrate. This
process produces a material that resembles UV—ozone- and O,
plasma-treated films where the reactive species are delivered
from the vapor phase to the outer interface of the film creating
compositionally inhomogeneous materials with a sharp oxida-
tion front.

The films were also examined using Fourier transform infrared
spectroscopy (FTIR), shown in Figure 3, to determine how the
oxidation process affects chemical bonding within the film.
Initially, the nitrogen-cured materials exhibit peaks consistent
with the methyl silsesquioxane—silica copolymer. The silicon—
carbon and silicon—oxygen modes are distinctive in the 1400—
700 cm™" range and can be used to provide information about
bonding. Silicon—carbon modes are present at 775 cm’,
representing the Si—C stretch, and 1275 cm™, representing
the symmetric Si(CH;), deformation.”® The Si—O—Si modes
of the cured silsesquioxane appear at two locations: 1030 cm™
indicative of a smaller-bond angle (<144°) networklike structure
and 1140 cm™' for the larger-bond angle (>150°) cagelike
structures.”® Silicon—carbon peaks of MSSQ_remain unchanged
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Figure 3. FTIR spectra of (a) MSSQ, (b) PS-P4VP/Si, and (c) L121/Si films after they had been heated at 450 °C in various environments. The figure
legend displays the carrier gases and the percentages of octane relative to room-temperature saturation (P,y[*“). The control sample was subjected to
no further treatment beyond the initial curing and porogen degradation step conducted in nitrogen, which was performed on all samples.

upon heating at 450 °C in nitrogen for P, 4[> or P, > octane
as well as in oxygen without octane; however, the dip between the
1030 and 1140 cm™" bands becomes slightly more pronounced,
which is likely caused by silicon—oxygen reorganization due to
further curing.”® Heating in oxygen with octane causes a loss of
the silicon—carbon peaks as expected from SIMS. Further, there is
a decrease in the network- and cagelike Si—O—Si modes and the
appearance of two new peaks at 935 and 1060 cm™".** The former
is a Si—OH bending band signifying the presence of silanols,
and the latter indicates a transformation to SiO, with a bond angle
of ~144°>® While intermediate stages of the oxidation appear
at different octane concentrations for MSSQ_and PS-P4VP/Si,
L121/Si is completely transformed even at the lowest octane
concentration as expected from the SIMS results. The oxidation
of L121/8i is rapid relative to the oxidation of the other samples
because of the large surface area and thin pore walls (high porosity
but small pore size). The large surface area of the L121/Si samples
causes an increased amount of fuel to be adsorbed and, therefore,
a greater amount of combustion at a given temperature. Carbon—
hydrogen and oxygen—hydrogen modes are also present in the
3800—2600 cm™! range; however, they tend to be weak or broad
relative to the silicon modes. For the sake of completeness, these
have been provided in the Supporting Information.

From the thickness and refractive index measurements in
Table 1, it is clear that all films were, at minimum, partially
collapsing in the presence of octane and oxygen. We have examined
the films using toluene adsorption ellipsometric porosimetry to
determine the change in pore size after exposure to various
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environments at 450 °C. Ellipsometric porosimetry is a method of
determining the pore size distribution (PSD) in a thin film by the
adsorption and desorption of a condensable vapor (in this case
toluene). When the Kelvin equation is applied, the adsorption
isotherm yields information about the pore cavity size while the
desorption isotherm provides information regarding the con-
nection size for these cavities (i.e., the neck).”® A schematic of the
pore cavity and neck dimension has been provided previously.*
The PSD plot of each sample discussed below will have at
minimum of two peaks (and for these films only two), the larger
being the cavity size distribution and the smaller being the neck size
distribution between cavities.

The nominally dense and porous films exhibit dramatically
different responses to the combustion treatment as shown in
Figure 4. Panels a and b of Figure 4 show the toluene adsorption
and desorption isotherms for MSSQ films treated under various
conditions. Here the adsorption and desorption isotherms
show minimal hysteresis, essentially overlaying one another for
each sample. Panels ¢ and e of Figure 4 show the pore size
distributions calculated from the toluene adsorption isotherms
for PS-P4VP/Si and L121/8i, respectively. Alternatively, panels
d and f of Figure 4 give the pore size distributions from the
desorption isotherms. The isotherms for the PS-P4VP/Si and
L121/Si samples show a noticeable amount of hysteresis, leading
to a difference in the calculated size for the cavity and neck as
described above.

As expected, the nitrogen-cured MSSQ_control film showed
only microporosity, and the addition of octane to the nitrogen
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Figure 4. Toluene adsorption. Film refractive index vs toluene partial pressure for MSSQ samples treated (a) without and (b) with octane. Pore size
distributions measured by toluene adsorption ellipsometric porosimetry and analyzed using the Kelvin equation from the (c) adsorption and (d)
desorption isotherms for PS-P4VP/Si films and (e) adsorption and (f) desorption isotherms for L121/Si films. The figure legend displays the carrier
gases and the percentages of octane relative to room-temperature saturation (P,|**®). The control sample was subjected to no further treatment beyond
the initial curing and porogen degradation step conducted in nitrogen, which was performed on all samples.

atmosphere during curing had no effect on the toluene adsorp-
tion profile (Figure 4a). In fact, the isotherm profiles were
identical to that of the film treated with oxygen without octane
(Pysl**€) also shown in Figure 4a. The sample treated in nitrogen
with P, 5> octane shows instability at high partial pressures,
which is an artifact for partial condensation on the sample
causing the refractive index and thickness to vary. However, all

show nearly identical isotherm trends in the microporous range
(low partial pressure). Interestingly and somewhat expectedly,
microporous MSSQ_films heated to 450 °C in the oxygen and
octane environment subsequently did not adsorb toluene vapor.
Figure 4b shows the refractive index versus toluene partial
pressure for the Py gys/*C, Py 50/°C, and P, 5o,/ octane-treated
samples along with the control sample. The constant refractive
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indices (lack of solvent adsorption) for samples treated with
oxygen and octane indicate that the pore dimensions are now
smaller than the dimension of the molecular adsorbent (in this
case toluene). However, from SIMS and FTIR data, it is clear
that while the bulk material has not been noticeably changed
for the Pygyse/™C treatment, the P, sample has been
completely oxidized. This is also obvious from their different
refractive indices shown in Figure 4b (1.39 vs 1.43). Unlike
panels c—f of Figure 4, which display the calculated pore size
distributions from the refractive index profiles, panels a and b
of Figure 4 were left as the raw refractive index profiles to show
that the films treated in oxygen with octane at both Py, g,5,|*°“ and
P, 5/ had no accessible porosity (constant refractive index
profile) but different refractive indices relative to samples treated
with nitrogen or oxygen but without octane. Because of the lack
of toluene adsorption in these samples, no information about
pore size could be obtained even though microporosity is likely
present as indicated by the similarities in thickness and refractive
index between the nitrogen control sample and oxygen-treated
samples at Poy|>¢ and Py y54/**C octane (Table 1). Further, the
control, nitrogen samples, and oxygen-treated sample at Pyl**“
octane (Figure 4a) clearly show toluene adsorption at partial
pressures consistent with the microporous regime. Thus, use of
the Kelvin equation requiring the formation of a meniscus is valid
for only the mesoporous samples (PS-P4VP/Si and L121/Si)
and cannot be applied to the microporous MSSQ films.*’

Panels c—f of Figure 4 show the pore size distributions for the
PS-P4VP/Si and L121/Si samples calculated from the toluene
adsorption profiles using the Kelvin equation. Once again,
there is no discernible change in the pore size distribution for the
samples heated in nitrogen, nitrogen with octane, or pure oxygen
for the PS-P4VP/Si or L121/Si films. However, for the samples
processed in oxygen with octane, there is apparent collapse of the
pores during oxidation. For the Pyg,s*°" octane PS-P4VP/Si
film shown in panels ¢ and d of Figure 4, the presence of a tail
on the small pore size is noticeable in both the adsorption and
desorption curves, indicating a partial decrease in both cavity and
neck size. With P, o> octane on oxygen on the PS-P4VP/Si
sample, the pores have collapsed on average to ~65% of their
original size and the cavity size distribution (Figure 4c) has
broadened considerably. For the L121/Si films in panels e and f
of Figure 4, the pores have also collapsed to approximately 65%
of their original size even at the lowest level of octane in oxygen
studied (P g,54°¢), and there is little change upon addition of
more octane. This result is expected for this sample because both
SIMS and FTIR data show complete oxidation for all octane
concentrations in oxygen.

We also studied the fuel-oxidizer procedure for generating
materials uniformly oxidized throughout the film thickness.

Because oxidation occurs only in the presence of octane,
controlling the location of the fuel should allow for control of
the oxidation. Therefore, if the fuel is uniformly distributed
throughout the film, combustion should proceed uniformly,
leading to a homogeneous material. From the previous SIMS
experiments, it is apparent that the octane fuel is depleted when
it contacts the surface at elevated temperatures because the
oxidation occurs at the vapor—film interface. In principle, if the
temperature was reduced such that the rate of combustion was
low relative to the rate of fuel exchange at the pore interface, it
should be possible to generate a uniformly oxidized material.
In practice, this was never observed because these experiments
would require extremely long times at these slow rates of com-
bustion. Alternatively, to generate uniformly oxidized materials,
we chose a temperature cycling approach utilizing a temperature
below the combustion temperature to replenish the adsorbed fuel
layer on the organosilicate and a higher temperature where the
combustion occurs. The rate of combustion is directly related
to the temperature; therefore, with a fixed amount of fuel on the
surface, higher temperatures will lead to a greater degree of
combustion until the fuel is depleted. This protocol is designed
to keep a relatively constant level of fuel on the surface by
combusting only a small amount each cycle. In each experiment,
100% of the oxygen is bubbled through octane to obtain the
highest level of fuel on the surface. As shown in Figure S at P, [*¢
the octane vapor (red dots) condenses within the pores (solid red
within the pores), which, in practice, can be observed visually
by a slight change in the color of the film. As the temperature is
increased, the octane evaporates; however, a larger amount of
octane remains on the material surface at P, [*C relative to the
previous experiments performed at lower partial pressures. Once
again, given that oxygen is the carrier gas and at a considerably
higher concentration, the octane vapor is assumed to be abundant
during the oxidation. The temperature cycles begin 50 °C below
the maximal temperature, which is increased over a 10 min
interval and subsequently decreased to 50 °C below the maximal
temperature over a 15 min interval. As mentioned, this constitutes
one cycle, and for each cycle, a certain percentage of the adsorbed
fuel combusts. This percentage increases with temperature, as
does, therefore, the degree of oxidation. With each cycle, the level
of oxidation increases as represented in the schematic of Figure 5
at cycle 4 and the final cycle (cycle 8). In each case, the lowest
temperature in the cycle is selected to be below the temperature at
which any noticeable oxidation occurs, allowing the surface to
re-equilibrate with fuel in the absence of significant combustion.
Here the fuel is not combusting significantly at the outer interface
but is able to recoat the inner portion of the pore surface. The
maximal temperatures are chosen such that the lower maximal
temperatures of the series provide a slow combustion and hence

gjn.:>5? ' &

low temperature 4 cycles

room temperature

low temperature 8 cycles

Figure S. Schematic of the homogeneous oxidation process for a porous organosilicate film. Red dots represent molecular oxygen adsorbed to the
surface or in the vapor phase, while solid red within the pores represents condensed liquid octane. The degree of oxidation is represented by the darkness
of the blue color, with the lightest representing unoxidized organosilicate and the darkest representing oxidized organosilicate. Oxygen is abundant and
present throughout but is not shown in the schematic.
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Table 2. Contact Angles, Thicknesses, and Refractive Indices for the Dense and Porous Films Heated to Various Maximal
Temperatures in Oxygen with P, [**C (except for the N, sample, which was the control that contained neither oxygen nor octane)

contact angle (deg)

thickness (nm)

refractive index at 650 nm

maximal temp MSSQ. PS-P4VP/Si L121/Si MSSQ
N, (control) 103 105 112 223
280 °C 36 50 70 226
284 °C 10 30 40 225
285 °C 10 25 15 221
287 °C 15 20 10 221
295 °C 18 20 10 222

PS-P4VP/Si L121/Si MSSQ PS-P4VP/Si L121/Si
307 209 1.392 1225 1224
308 211 1.386 1.239 1223
303 200 1.389 1.233 1.234
298 182 1.385 1.238 1.236
294 162 1.387 1.249 1.293
257 152 1.385 1.255 1312

minimal oxidation, while the upper maximal temperatures fully
oxidize the film. As stated above, the films are exposed to a total of
eight cycles prior to the films being cooled to room temperature.

The contact angles, thicknesses, and refractive indices of films
exposed to different maximal temperatures in the thermal cycling
step are listed in Table 2. The contact angle of each film decreases
considerably as would be expected for an oxidative process.
There is a progressive decrease in thickness and an increase in
refractive index with temperature for both the PS-P4VP/Si and
L121/Si samples; however, the same change is not seen in the
microporous MSSQ samples. It is expected that the oxidation will
cause some shrinkage as was shown for the previous samples
at 450 °C. The lack of shrinkage in the MSSQ could be from
the micropores becoming inaccessible to octane because of pore
sealing after the first round of combustion. As seen for the
previous MSSQ samples heated to 450 °C in the presence of the
fuel/ oxygen mixture, toluene adsorption ellipsometric porosimetry
showed that none of the temperature-cycled samples adsorbed
toluene. Because toluene and octane have similar molecular
dimensions, it seems that the lack of oxidation stems from the
subsequent inaccessibility of the micropores to octane. This will be
discussed further in the porosimetry section.

Figure 6 shows the carbon and oxygen depth profiles of the
organosilicate films by SIMS analysis in a nitrogen control film
together with films processed at different maximal temperatures
in oxygen at room-temperature octane saturation. Given the lack
of thickness change previously described, it is reasonable that
there is little if any difference in the carbon and oxygen levels
as a function of depth in the nominally dense MSSQ samples
(Figure 6a,b). It is likely that some oxidation occurs at the outer
interface because if the pores becomes sealed this would be the
only surface exposed to the fuel. This would also be consistent
with the decrease in contact angle reported in Table 2. The
PS-P4VP/Si and L121/Si samples behave differently with a
progressive increase in oxidation temperature. In each sample,
the carbon content can be entirely removed and the oxygen con-
centration in the film increases at higher temperatures. Further,
these transformations happen relatively uniformly throughout
the film. Because of the larger pores of the PS-P4VP/Si sample,
pore walls will be proportionately thicker at a given porosity
and display a smaller surface area leading to slower oxidation.
For example, while there is minimal bulk oxidation of the pores
observed at 280 °C for PS-P4VP/Si, the L121/Si sample had a
level of carbon noticeably lower than that of the L121/Si N,
control sample. Further, L121/Si is completely oxidized by
287 °C, while PS-P4VP/Si requires temperatures up to 295 °C
for complete oxidation under the process conditions studied.

We have also examined these films using FTIR as shown in
Figure 7. As expected from the SIMS data, there is no apparent
difference in the FTIR spectra for the MSSQ samples processed
over the entire temperature range, consistent with a lack of
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substantial oxidation. However, PS-P4VP/Si and L121/Si films
both show changes in the spectra that are characteristic of
oxidation, such as loss of the peaks at 775 cm ™' representing the
Si—C stretch and 1275 cm ™" representing the symmetric Si(CH,),
deformation.”® Once again, two new peaks appear at 935 and
1060 cm™ characteristic of the silanol formation and trans-
formation of the network- and cagelike Si—O—Si modes of SiO,,
respectively.”®

The pore size distributions were also measured for samples
processed at different cycle temperatures. The pore size distribu-
tions for PS-P4VP/Si and L121/Si are shown in Figure 8.
The nominally dense MSSQ_samples were omitted because all
samples behaved identically from the perspective of porosity in a
manner independent of the processing temperature. For each of
the oxidized MSSQ samples, the refractive index of the films at
650 nm ranged only from 1.385 to 1.389, with no systematic
variation in the data. Further, the samples were sealed to toluene
in the vapor phase such that the film refractive index was
independent of toluene partial pressure similar to the behavior
seen in Figure 4a for the sample treated in oxygen with Py g,y *C
octane. Panels a and ¢ of Figure 8 show the pore size distributions
calculated from the toluene adsorption isotherms for PS-P4VP/
Si and L121/Si, respectively. Alternatively, panels b and d of
Figure 8 give the pore size distributions from the desorption
isotherms. As described in Figure 4, the adsorption isotherm
provides information about the cavity size while the desorption
isotherm indicates pore neck size. PS-P4VP/Si samples shown in
panels a and b of Figure 8 exhibited minimal changes in the pore
size distribution at processing temperatures below 287 °C for
either cavity or neck. This is true even when the film was >50%
oxidized as estimated from SIMS data in Figure 6c. Thus, the
films resist pore collapse even with substantial oxidation. Above
this temperature (and therefore at higher levels of oxidation),
both the cavities and necks show a considerable amount of pore
collapse. L121/Si samples in panels ¢ and d of Figure 8 show
similar behavior, but the pore size reduction is complete by
287 °C. For both porogen types, the fully oxidized films for the
low-temperature uniform oxidation treatment described here
(maximal temperature of 295 °C) produced a pore size distribu-
tion similar to that produced by the fully oxidized high-
temperature protocol with variable octane saturation (450 °C)
described above.

The film modulus is an important parameter for controlling
cracking and propagation. We also have examined the modulus
of the films using ellipsometric porosimetry.>’ The modulus is
determined by measuring the change in films thickness during
the desorption stage of the ellipsometric porosimetry measure-
ment; however, the analysis is restricted to a materials with a
well-defined meniscus and therefore cannot be applied to the
microporous MSSQ films. The measured modulii for PS-P4VP/
Si and L121/Si films are listed in Table 3 for both the
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Figure 6. SIMS profiles of (a) carbon and (b) oxygen for MSSQ, (c) carbon and (d) oxygen for PS-P4VP/Si, and (e) carbon and (f) oxygen for L121/Si.
The figure legend displays the carrier gases and maximal temperatures at room-temperature octane saturation. The control sample was subjected to no
further treatment beyond the initial curing and porogen degradation step conducted in nitrogen, which was performed on all samples.

low-temperature uniform oxidation procedure and the high-
temperature inhomogeneous oxidation.

Via examination of the series oxidized uniformly at lower
temperatures (where the temperature was varied to control the
level of oxidation ), the trend indicates an increase in the modulus
with the level of oxidation for both porogens. PS-P4VP/Si
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shows an approximately 70% increase in the modulus compared
with that of the nitrogen-cured film and the fully oxidized
film treated at 295 °C, while the L121/Si films show a 150%
increase. From SIMS (Figure 6) and FTIR (Figure 7) analyses, it
is clear that the oxidation level is increased for L121/Si relative to
that of PS-P4VP/Si at any given temperature, which is also
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Figure 7. FTIR spectra of (a) MSSQ, (b) PS-P4VP/Si, and (c) L121/Si films. The figure legend displays the maximal temperatures in oxygen at room-
temperature octane saturation. The control sample was subjected to no further treatment beyond the initial curing and porogen degradation step
conducted in nitrogen, which was performed on all samples.

Table 3. Young’s Moduli for Organosilicate Samples Heated in Various Environments®

modulus (GPa) for uniform modulus (GPa) for

oxidation inhomogeneous oxidation
maximal temperature of the eight-cycle process in O, at Py [*¢ PS-P4VP/Si L121/Si environment at 450 °C for 2 h PS-P4VP/Si L121/Si
N, (control) 0.86 0.77 N, with P, ¢,|*¢ 1.02 0.95
280 °C 0.77 0.84 N, with P, [>5¢ 1.12 1.02
284 °C 0.81 0.93 0, with Py [*¢ 1.04 1.07
285 °C 0.88 125 0, with Py g5 *C 1.29 1.76
287 °C 097 1.99 0, with Py g€ 1.53 1.88
295 °C 146 1.82 0, with P, 4, [*5¢ 2.08 1.73

“The N, sample is a control with no additional treatment, and P>

indicates the saturation level of octane relative to that at room temperature.

consistent with the greater increase in the modulus for the
L121/Si films.

For the inhomogeneously oxidized series at 450 °C using
different levels of octane fuel, the trend also shows an increase in
the modulus with oxidation level. Interestingly, there is a slight
increase in the modulus of ~15—20% with further curing at
450 °C, as demonstrated by comparing the initial nitrogen-cured
control for both PS-P4VP/Si and L121/Si (displayed in the first
series) with the respective octane and nitrogen and pure oxygen
processed samples. The latter samples (O,, N, at P, 4,,|*°, and
N, at P, [*¢) had nearly identical moduli for each series (PS-
P4VP/Si or L121/Si), indicating that neither octane in nitrogen
nor oxygen alone was a factor. Therefore, this is likely due to the
increased heating time at 450 °C that causes additional cross-
linking and restructuring within the film. The increase in the
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modulus from oxidation at P, s> octane in oxygen for the

PS-P4VP/Si and L121/Si samples is approximately 100% for
each film relative to that of samples cured in oxygen alone. It
also appears that oxidation at the lower temperatures of 287 and
295 °C is enough to fully cure the material as the measured
modulus of those L121/Si samples is similar to the modulus of
those cured in oxygen with octane at 450 °C.

Finally, functionalization of organosilicate materials is often
critical to their application. Silane coupling chemistry is used
to generate specific chemical functionality depending on the
application. The coupling occurs though available silanols on the
surface. Because we previously mentioned that FTIR results
indicate the appearance of silanols upon oxidation, we have studied
the reactivity of these silanols with a standard silylating agent, N,O-
bis(trimethylsilyl)acetamide. Silylation studies were performed on
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Figure 8. Pore size distributions measured by toluene adsorption ellipsometric porosimetry and analyzed using the Kelvin equation from the (a)
adsorption and (b) desorption isotherms for PS-P4VP/Si and (c) adsorption and (d) desorption isotherms for L121/Si films. The figure legend displays
the maximal temperatures in oxygen at room-temperature octane saturation. The control sample was subjected to no further treatment beyond the initial
curing and porogen degradation step conducted in nitrogen, which was performed on all samples.

samples treated at 450 °C in oxygen at P, s5,|*>. Prior to silylation,
the contact angles for the oxidized MSSQ, PS-P4VP/Si,and L121/
Si films were 8°, 0°, and 0° respectively, as listed in Table 1.
After treatment for 1 h with N,O-bis(trimethylsilyl)acetamide, the
contact angles increased to 102°, 106°, and 112°, respectively.
These values are essentially identical to the initial values of the
nitrogen-cured material signifying a high level of accessible surface
functionalization.

B CONCLUSION

We have described a protocol for low-temperature oxidation of
cured methylsilsesquioxane samples using a fuel and an oxidizer.
Because the oxidation is confined to the location of the fuel, it is
possible to impart a level of control not typically observed for
current oxidative processes. Two-layer structures with an oxidized
outer layer and uniformly oxidized films with a controlled level
of oxidation have been produced. Given the intrinsic level of
control, it is likely that gradient films could be produced using
intermediate temperatures at which oxidation would proceed
more rapidly at the vapor interface while still allowing some fuel
to reach the substrate interface. Oxidation is accompanied by
the transformation of cage- and networklike silsesquioxanes to
tetrahedral SiO,. Depending on the processing conditions, films
can be oxidized uniformly or produce two-layer films with a sharp
oxide—organosilicate interface. Although the process can cause
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some film shrinkage with collapse of porosity at high levels of
conversion to oxide, if interrupted prior to complete conversion,
the pore size is largely maintained. This simple oxidation process
can also uniquely seal the film microporosity at the exposed
surface, preventing adsorption of hydrocarbon vapors. Oxida-
tion is accompanied by an increase in the Young’s modulus,
which should cause the films to be more resistant to cracking.
Finally, the surfaces can be readily functionalized using standard
silane chemistry, making this process valuable in numerous
applications.
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