
Enhanced Thermal Stability of Low‑k Ethyl-Bridged Organosilicas
Using Laser Spike Annealing
Zeming Sun, Robert T. Bell, and Michael O. Thompson*

Materials Science and Engineering, Cornell University, Ithaca, New York 14853, United States

ABSTRACT: Incorporating organic bridges within porous
organosilica films is a promising route to achieving required
mechanical properties of ultralow-k dielectric films. To retain
these critical organic bridges during thermal processing,
submillisecond laser spike annealing (LSA) of sol−gel-derived,
low-k, ethyl-bridged organosilica films was investigated.
Structural and dielectric properties changes, as a function of
the peak annealing temperature between 400 and ∼1400 °C,
were determined by using a lateral-gradient LSA technique.
Under LSA, the ethyl-bridged structures were found to remain
stable to the highest LSA peak temperatures; in contrast,
nearly 40% of the bridges were lost by 540 °C under hot plate
annealing. Refining of Si−O−Si structures, and porosity generation from remnant porogens, was found to begin above ∼700 °C
with densification only occurring ∼350 °C higher. This ability of LSA to retain organic bridges within a silica network during
thermal processing may ultimately enable development of high-modulus, low-k films for advanced microelectronic applications.
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1. INTRODUCTION

Porous low-k materials are being developed to overcome
limitations induced by interconnection delay in semiconductor
devices, with porous silica networks containing organic entities
(SiCOH materials) demonstrating dielectric constants (k) as
low as 2.0.1−8 While the incorporation of organic groups,
together with the presence of pores in the Si−O framework,
can dramatically decrease the k value, these materials often
exhibit poor mechanical strength.1−7,9−13 To mitigate this
problem, alternative processing technologies are required to
improve mechanical properties while maintaining dielectric
properties. Numerous studies have examined the effects of
various annealing techniques, including hot plate/furnace
anneal,14−16 UV radiation,16−20 electron beam irradiation,17,21

and plasma treatment.20,22−24 Volksen first explored the use of
laser spike annealing (LSA) to process traditional SiCOH class
materials using methyltriethoxysilane as a sol−gel precursor.25
While Volksen focused on existing low-k chemistries, we
believe that LSA can be best optimized by considering
alternative chemistries that exploit the unique short-time, high-
temperature processing environment.
Starting from investigations of bridged periodic mesoporous

organosilicas (PMO),26−31 previous studies identified organic
bridges as a potential route to high-performance, low-k
materials within a sol−gel process.32−46 Unfortunately, the
limited thermal stability of these bridges hinders wider
acceptance of sol−gel based PMOs; calcination associated
with sol−gel condensation and surfactant removal requires
curing temperatures of 300−450 °C,31,33−35,44−46 or even 550
°C for 7 h.28 The bridge motif has been reported to break

down during curing with reported temperatures ranging from
350 to 700 °C,18,26,27,31,34 where the variation is likely due to
curing time and pretreatment differences. For example, in one
study, Asefa et al. observed complete decomposition by 400 °C
at a heating rate of 5 °C/min.26 The competing constraints of
sufficient time/temperature for calcination versus the limited
thermal stability of the organic bridges may be addressed by
the unique thermal environment during LSA. However, to
date, LSA annealing of carbon-bridged organosilicas has not
been extensively explored, and a fundamental understanding of
the reaction kinetics that occurs in these materials is lacking. In
this work, we demonstrate the advantages of LSA in these
materials by examining the temperature-dependent rates of key
chemical structural evolutions using Fourier-transform infrared
spectroscopy (FTIR). FTIR provides direct chemical evidence
to enable mechanistic understanding of decomposition kinetics
over a wide range of temperatures.
The evolution of ethyl-bridged (Si−CH2−CH2−Si) films

were examined as a function of temperature using the lateral-
gradient LSA (lgLSA) technique.47 A silane precursor, 1,2-
bis(triethoxysilyl)ethane (BTESE), containing ethyl-bridged
silica motifs was used in this work to yield films with a high
density of bridging structures which can enhance the
mechanical stability. On the millisecond time scales of LSA,
decomposition of these ethyl bridges is kinetically suppressed,
especially compared to hour-scale hot plate anneals.
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2. EXPERIMENTAL SECTION
2.1. Sol−Gel Synthesis. Thin films of ethyl-bridged organosilane

low-k dielectrics on nominally undoped bare Si substrates (native
oxide) were prepared by using a sol−gel process.45,46,48,49 The silane
precursor 1,2-bis(triethoxysilyl)ethane (BTESE) and a commercial
porogen (Brij-76) were obtained from Sigma-Aldrich. The BTESE
and porogen were dissolved separately in 2-methoxy-1-propanol
(PMOH) to 25 wt % concentrations. These solutions were then
mixed in a porogen/BTESE ratio of 21.5 wt %. To catalyze the sol−
gel reaction, 0.61 mL of 1 M nitric acid was added per gram of
BTESE. The solution was left standing for 15 min before spin coating
directly onto the bare Si wafers at 2000 rpm for 90 s.
Figure 1a shows the idealized chemical and network structure of

these ethyl-bridged organosilica films. The ethyl bridges are
embedded within the Si−O−Si structures potentially enhancing the
network rigidity and hence the mechanical strength. Thermal
annealing accelerates the sol−gel process, ultimately resulting in a
fully networked Si−O−Si structure. By limiting the time at high
temperature using LSA, we can precisely control the degree of the
sol−gel transformation.
2.2. Laser Spike Annealing. After spin coating, samples were

baked on a hot plate at 85 °C for 2 min, followed by a precure in a
vacuum box oven (Yield Engineering Systems, 450PB) at 400 °C for 1
h. This thermal treatment decomposed a substantial fraction of the
porogen (as determined by FTIR) leading to an initial porosity. After
this initial anneal, films were nominally 300 nm in thickness
as measured by a P10 profilometer. For reference to conventional
heat treatment, several samples were then subsequently annealed on a
hot plate in air for 2 h at temperatures from 400 to 540 °C.
Films were annealed by LSA using a 120 W CO2 laser (λ = 10.6

μm) with a dwell time of 0.5 ms. As shown in Figure 1b, the CO2 laser
was focused to a line beam with an ∼95 μm short axis and an ∼700
μm long axis. To induce free carrier absorption in the nominally
undoped Si substrate, samples were preheated to a substrate
temperature of 400 °C. To follow the structural evolution as a
function of temperature, the lateral gradient (single-stripe) LSA
(lgLSA) technique was used. In this technique, the incident laser was
intentionally focused to a near Gaussian profile orthogonal to the scan
direction allowing spatially resolved property measurements to be
converted to measurements as a function of the peak annealing
temperature.47

Peak temperatures during LSA were calibrated as described
previously with an estimated uncertainty of 10% (e.g., ±140 °C at
1400 °C).47,50 These calibrations allowed film property measure-
ments, taken laterally across laser scans, to be linked with specific peak

annealing temperatures. Samples were annealed at peak temperatures
up to the damage threshold of the silicon substrates near 1400 °C.

2.3. Chemical and Electrical Characterization. Films were
characterized using a number of spatially resolved probes, as
illustrated in Figure 1c. To determine chemical structure changes,
transmission FTIR spectra were collected using a 20 μm diameter
aperture in a Bruker Hyperion spectrometer every 25 μm across each
scan. Film thicknesses were determined by using a P10 profilometer,
with thickness uncertainty mainly determined by the surface
morphology.

To measure the dielectric properties, samples were photolitho-
graphically patterned, after LSA anneals, to form 20 μm × 12 mm
MIS (metal−insulator−semiconductor) capacitors (long axis aligned
with the laser scan direction) for C−V (capacitance-voltage) character-
ization (Figure 1c). Liftoff lithography, using an ammonia-based
image reversal process (90 °C/45 min) to minimize potential damage
to the dielectric, was used to pattern 300 nm Al lines deposited by
thermal evaporation. These metal capacitor lines included periodic
narrowing “cutouts” to permit FTIR measurements across the same
samples. C−V characteristics of the MIS capacitors were measured
using an HP 4284A LCR meter at 100 kHz with a 20−35 V dc bias
(strong accumulation). Dielectric values were extracted from
capacitance and thickness measurements.

3. RESULTS AND DISCUSSION
3.1. Structural Evolution after LSA. Figure 2 shows

typical FTIR spectra for a range of LSA peak temperatures, and
Table 1 summaries the most prominent peak positions
observed and the corresponding chemical bonds. Two general
structure sets were analyzed: Si−O bonding structures and
organic groups. In Figure 2a, the commonly observed Si−O
motifs (including the organic suboxide SiOxCy, fully networked
Si−O−Si structures, and so-called ladder structures) are
detailed.2,8,14,23,51−53 The two limiting conditions at ∼1400
and 400 °C are shown in Figure 2c,d and provide a clear
demonstration of the thermally induced changes. Initially films
contain almost no fully networked Si−O motifs. As the peak
annealing temperature increases, the peak corresponding to
suboxides disappears as the fully networked peak develops. To
quantitatively follow the structural development, the Si−O and
organic molecular peaks were fit using six Gaussian peaks:
suboxides at 1035 cm−1, fully networked Si−O−Si structures at
1065 cm−1, ladder structures at 1105 cm−1, the Si−CH2−
CH2−Si bridge at 1162 cm−1, the Si−CH2CH3 peak at 1220

Figure 1. (a) Idealized chemical and network structure of ethyl-bridged organosilica films. (b) Schematic showing laser spike annealing (LSA). (c)
Proof-of-concept capacitor device structure for evaluation of spatially resolved chemical and electrical properties.
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cm−1, and a complex CH3+ methyl peak at 1275
cm−1.2,8,14,23,51−53 (The peak at 1275 cm−1 includes both the
CH3 methyl bending mode convoluted with additional CHx
modes; these were fit as a single peak and are designated CH3+
in the following discussion.) All fits exhibited very low and
uniform residuals (as a function of annealing temperature),

indicating that all major peaks were likely included in this
modeling.
Figure 2b shows the evolution of CHx peaks with increasing

LSA temperature. These CHx peaks (2850−2930 cm−1) and
the CH3+ peak (1240−1320 cm−1) in Figure 2a arise primarily
from the porogen. Within the 2850−2930 cm−1 CHx band,
there are three overlapping subpeaks: −CH at 2906 cm−1,
−CH2 at 2865 cm

−1, and −CH3 at 2887 cm
−1.8,53 As shown in

Figure 2c−f, the −CH3, −CH, and CH3+ peaks all diminish
with temperature; in contrast, the new −CH2 peak appears at
high temperature. In subsequent discussion, the −CH, −CH2,
and −CH3 peaks will be denoted collectively as a single CHx
porogen peak.
The areas of the absorbance peaks for these motifs, as a

function of the peak annealing temperature, are summarized in
Figure 3. Below 700 °C (for the 0.5 ms dwell), no structural
changes are observed. As the anneal temperature increases
above 700 °C, the suboxide motif begins to disappear and is
replaced with the fully networked structure (Figure 3a). In
contrast, the ladder motif remains essentially unchanged to the

Figure 2. FTIR spectra for a range of LSA peak temperatures from 400 to near 1400 °C. (a) Wavelength range containing Si−O motifs with arrows
or circles marking the positions and evolution trends of various structures. (b) Wavelength range corresponding to porogen structures. Individual
spectra at the limiting temperatures of ∼1400 °C (c, e) and 400 °C (d, f).

Table 1. Summary of FTIR Peak Positions Associated with
Interpreted Bonds

Si−O−Si structures

bonds suboxide fully networked Si−O−Si ladder

peak position (cm−1) 1035 1065 1105
organic structures

ethyl chain
ethyl
bridge CHx (porogen)

bonds
Si−

CH2CH3

Si−CH2−
CH2−Si CH3+ −CH −CH2 −CH3

peak
position
(cm−1)

945−975
and 1220

1162 1275 2906 2865 2887
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Figure 3. Temperature-dependent structural evolution by LSA (a, b) and hot plate (c, d) annealing. The fully networked peaks are normalized to
the high-temperature LSA limit, the Si−CH2CH3 peak (1220−1250 cm−1) values are absolute absorbance, and all other peaks are normalized to
the unannealed values. (a) Si−O−Si and (b) organic structure peak intensities as a function of the peak LSA temperature. (c) Si−O−Si and (d)
organic structure peak intensities after 2 h hot plate anneals.

Figure 4. FTIR spectra for hot plate annealed samples at temperatures from 400 to 540 °C. (a) The region containing Si−O motifs is shown with
arrows or circles marking the positions and evolution trends of various structures. (b, c) Specific peak fitting at 540 and 400 °C.
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highest temperatures explored. Although the onset of the
network formation and suboxide loss are difficult to establish
precisely, these data suggest that some limited network
formation does occur prior to loss of the suboxide peak,
indicating structural relaxation of other unstable entities. At the
highest temperatures, the network peak increases in intensity
by nearly a factor of 26, while the suboxide peak intensity
decreases by a factor of 3.
The Si−CH2−CH2−Si (ethyl) bridges (Figure 3b) that

remain after the initial oven anneal are surprisingly stable and
remain intact to the highest LSA temperatures explored. The
observed ∼10% variation in the intensity of this peak is likely
an artifact of fitting (Figure 2a) this highly convoluted peak; no
loss of these bridges appears to occur for any temperature on
this time scale. The Si−CH2CH3 structure that would most
likely form from thermal decomposition of the ethyl bridges
correspondingly remains extremely low below 1100 °C with
only a slight increase at higher temperatures. Indeed, compared
to hot plate anneals to 540 °C (Figure 3d), the Si−CH2CH3
for the highest temperature LSA anneal is only 25% as intense
and further confirms retention of the ethyl bridges. The
enhanced thermal stability of these ethyl bridges is significant
and should allow retention of mechanical properties during
pore creation.
In contrast, the CH3+ peak (1240−1320 cm−1) and the CHx

peaks (2850−2930 cm−1), both arising from the porogen,
decrease continuously with increasing temperature. These
peaks correspond to further disassociation of remnant porogen
and nanoscale pore formation. Above 700 °C, porogen loss
during LSA becomes observable. This behavior confirms that
LSA can effectively decompose organic groups, resulting in a
high porosity. At the highest LSA temperatures, the CH3+
peak continues to decrease, which is consistent with film
densification (see text below). However, the CHx peak appears
to saturate at a nonzero value which is likely due to signal from
stable ethyl bridges.
3.2. Comparison with Hot Plate Annealing. Figure 4

shows comparable data for the structural evolution as a
function of hot plate annealing temperatures. Several
distinctive behaviors, relative to LSA, are observed. As shown
quantitatively in Figure 3c, hot plate annealing results in similar
loss of suboxide motifs and development of fully networked
motifs with increasing temperature. However, while the ladder
motif remains relatively stable under both hot plate and LSA
annealing, the suboxide motif is rapidly lost for hot plate
anneals with <10% remaining after a 540 °C anneal. In
contrast, under LSA, over 30% of this suboxide peak intensity
persists at high temperature, indicating retention of ethyl
bridges. This suggests that complex bridging organic structures
are unstable on hot plate time scales, but their decomposition
is kinetically suppressed on submillisecond time scales.
Changes in the organic structural peaks (Figure 3d) are

consistent with this interpretation also. The CH3+ and CHx
peaks decrease as the porogen decomposes with temperature.
But the ethyl bridge peak intensity also decreases by 40% at
540 °C compared to essentially no change during LSA. With
the loss of the ethyl bridges, the Si−CH2CH3 structure peak at
1220 cm−1 rapidly increases to a value of 1.6 (compared to
only 0.4 for LSA at the highest temperature). Because of the
increased loss of the ethyl bridges, a new peak at 945−975
cm−1, also corresponding to the Si−CH2CH3 structure, is
observed (Figure 4b).52 These results again confirm the

instability of the complex bridging structure on hot plate time
scales.
The retention of the ethyl bridges under LSA is critical to

improving mechanical properties while also maintaining a low
k value. Annealing on millisecond time scales to temperatures
above 1000 °C is likely to be effective for processing these
types of low-k dielectrics.

3.3. MIS Electrical Properties after LSA. Figure 5 shows
the film thickness and dielectric constant evolution as a

function of temperature, as determined from direct measure-
ments on metal−insulator−semiconductor (MIS) structures.
Below 1100 °C, no densification (thickness changes) is
observed. As temperatures increase above 1100 °C, films
begin to densify, indicating aggregation of nanocrystals and
collapse of nanopores.54 At the highest temperature, the film
thickness decreases by 20% from the unannealed value. This
densification, while improving the mechanical properties
including modulus, will almost certainly result in a detrimental
increase in the effective k value. Indeed, measurements of the
modulus by nanoindentation mirrored this densification,
remaining essentially constant below 1100 °C before
increasing by 20% at the highest temperatures.
Initial k values, after the 400 °C 1 h vacuum precure that

would have activated a large fraction of the porogen, were
∼2.5; this is slightly higher than the 2.3 value reported for a
similar material.45 For anneals <1000 °C, the dielectric
constant remains essentially unchanged (within measurement
variability). However, with higher temperatures the dielectric
constant begins to increase, ultimately reaching a value 30%
higher.

3.4. Summary of Threshold Temperatures after LSA.
The results of this study are summarized in Table 2. Two
important threshold temperatures for the 0.5 ms LSA anneal
are identified. At 700−800 °C, structural transformation from
the suboxide to a fully networked Si−O−Si structure occurs; in
this range, the dielectric constant remains essentially
unchanged. This behavior indicates that additional porogen
decomposition and pore generation in this temperature range
are offset by the increased network formation. At higher
temperatures, near 1000−1100 °C, the increased network
connectivity leads to densification impacting the dielectric
constant and likely the modulus. These findings suggest that

Figure 5. Normalized film thickness (densification) and dielectric
constant as a function of the peak LSA annealing temperature. Dashed
lines are meant as guides to the eye only.
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LSA may provide an effective path to annealing these materials,
providing retention of ethyl bridges in the organic/inorganic
mesoporous structures while also fully relaxing the inorganic
phase, decomposing porogens, and retaining critical poros-
ity.55−57

4. CONCLUSIONS
In conclusion, low-k dielectric films with ethyl bridges were
successfully synthesized using a sol−gel process followed by an
LSA anneal. Structural and dielectric properties as a function of
peak annealing temperature were determined using the lateral-
gradient LSA technique. Ethyl bridge structures within the
silica network remain stable under submillisecond annealing to
temperatures above 1400 °C while they are lost by 540 °C
under hour duration hot plate anneals. Porogen decomposition
similarly begins above 700 °C, at the same temperature as Si−
O−Si motifs are refined. Densification of the film, and the
corresponding increase in dielectric constant, is only observed
as anneal temperatures increase above 1000−1100 °C. This
thermal stability of ethyl bridges during millisecond LSA
should enable much wider application of carbon-bridged PMO
materials in general.
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