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The effects of plasma exposure and vacuum-ultraviolet (VUV) irradiation on the mechanical
properties of low-k porous organosilicate glass (SiCOH) dielectric films were investigated.
Nanoindentation measurements were made on SiCOH films before and after exposure to an
electron-cyclotron-resonance plasma or a monochromatic synchrotron VUV beam, to determine
the changes of film hardness, elastic modulus, and crack threshold due to these exposures. This
permits the effects of ion bombardment and photon bombardment to be analyzed separately. The
role of energetic ions was examined with a variety of inert plasma-exposure conditions. The role of
VUV photons was analyzed as a function of synchrotron photon energy. It was found that both
energetic ions and VUV photons with energies larger than the bond energy of the Si-O bond cause
a significant increase in film hardness along with a smaller increase in elastic modulus and crack
threshold. Differential Fourier transform infrared spectra and x-ray photoemission spectroscopy
results show that the energetic ions affect the SiCOH properties mainly through physical
bombardment, during which the ions transfer their momentum to the Si-O-Si backbone and
transform them into more energetically stable Si-O-Si network structures. This results in the
Si-O-Si network structures becoming densified. VUV photons assist reaction that increase the
number of bridging O;=Si-O-Si=0; bonds and deplete nonbridging O3;=Si-O and C-Si=0; bonds.
This increased degree of cross linking in porous organosilicate dielectrics can substantially enhance
their hardness and elastic modulus while showing no significant film shrinkage or densification.

© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891501]

I. INTRODUCTION

Interconnect resistive-capacitive (RC) delay is a major
challenge for the further continuous downscaling of inte-
grated circuits. To reduce the capacitance, materials with
ultralow dielectric constants are required in back-end-of-line
(BEOL) integration, replacing conventional SiO, as inter-
metal dielectrics.'™ Currently, two approaches are used to
reduce the k-value of interconnect dielectrics: (1) reduction
of the polarizability by increasing the level of low-polar
bonds, mainly carbon-containing components (such as C-C,
C-H, Si-CHs;, etc.) and/or (2) reduce the density by introduc-
ing porosity.* Normally, these low-k dielectrics possess poor
mechanical properties as compared to SiO, and are vulnera-
ble to plasma exposure during fabrication.” The presence of
energetic ions, electrons, highly reactive radicals, and pho-
tons (from the deep vacuum ultraviolet (VUV) to the infrared
(IR) range) can easily modify the chemistry of the carbon-
containing components in these porous low-k dielectrics, and
the porosity increases the reactivity and penetration depth of
reactive species.’

Moreover, from the integration point of view when ultra
low-k dielectrics are used, the mechanical strength is critical
to sustain a downward force under chemical-mechanical
planarization (CMP) processing of a large number of
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interconnect layers stacked together. Usually, the microproc-
essor unit (MPU) has more than 20 layers of interconnects,®
and thus the dielectrics can be repeatedly exposed to plasma
during fabrication. Modification of the chemistry of the
dielectrics by plasma will affect their mechanical strength
and will worsen the device reliability.

As a result, plasma-processing-induced damage has
become a crucial impediment to successful integration of
low-k dielectrics into integrated circuits and has generated
extensive interest in studying the mechanisms that produce
plasma damage in porous low-k dielectrics. Previous work
has demonstrated that plasma exposure can affect the break-
down voltage, leakage current, capacitance,”® and the time-
dependent dielectric breakdown lifetimes of these materials.’
In addition, the potentially large fluxes of energetic photons,
particularly in the VUV range, have been shown to cause a
number of unwanted effects, including differential charging
of patterned structures,10 and the creation of bulk and interfa-
cial trap states that contribute to damage induced by leakage
currents.'’  Additionally, recent work has reported that
plasma exposure can adversely change the mechanical prop-
erties of low-k dielectrics, which will worsen dielectric reli-
ability and degrade device performance.'*'? Our previous
work studied the effect of water uptake on the mechanical
properties of these low-k dielectrics.'*

© 2014 AIP Publishing LLC
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However, the current understanding of plasma-induced
mechanical property changes is still limited. The reports of
dominant mechanisms of plasma-induced mechanical prop-
erties changes are not consistent. For example, Vanstreels'?
investigated the modification of He/H, plasma exposure on
SiCOH low-£ films and concluded that He/H, plasma expo-
sure results in a decrease in both film hardness and elastic
modulus because of plasma removal of porogen residues. In
another study, Broussous'? observed increases in both hard-
ness and elastic modulus of SiCOH low-k films after He
plasma exposure and attributed the changes to subsurface
densification and/or structural modifications. Furthermore,
few works have distinguished the roles of energetic ions and
VUV photons when examining the effects of plasma expo-
sure on the mechanical properties of low-k materials. The
effects of charged-particle bombardment and photon irradia-
tion are not yet fully elucidated.

Another concern is the change in mechanical properties
as a function of VUV photon energy for VUV-irradiated
low-k dielectrics, as compared with the changes developed
during commonly used UV curing. UV-assisted curing with
monochromatic or broadband light sources has been demon-
strated to strengthen organosilicate interlayer dielectric thin
films by significantly increasing their elastic modulus, hard-
ness, and interfacial fracture energy while inducing relatively
minor increases in dielectric constant and film density.'>"'¢
The structure of organosilicate dielectrics changes with
increasing cure time, which is marked by the removal of ter-
minal organic groups and increased network-forming bonds
following the initial removal of porogen material. Recent
studies'” show that the UV-curing wavelength has a strong
impact on the physical-chemical properties of low-k mate-
rial. In particular, 172-nm UV photons induce greater
changes to most of the film properties compared with a
broadband UV light source.'” On the other hand, the effect
of the VUV irradiation wavelength on low-k dielectric mate-
rial properties has received only minimal attention.

Thus, the object of this work is to investigate the separate
effects of energetic charged-particles and vacuum-ultraviolet
(VUYV) photons during plasma processing on the mechanical
properties of porous low-k organosilicate dielectrics
(SiCOH). To determine this, nanoindentation measurements
were made after exposure to plasma or VUV photons on a
variety of samples to investigate the changes in their mechan-
ical properties, including hardness (H), elastic modulus (E,),
and crack threshold (C7). The role of charged-particle
bombardment was examined under a variety of inert plasma-
exposure conditions, which were specifically chosen to
minimize the introduction of chemically reactive species. The
roles of VUV photons were further isolated by choosing
different photon energies under synchrotron radiation.

The nature of damage to porous SiCOH films for vari-
ous exposures was analyzed using x-ray photoemission
spectroscopy (XPS) and Fourier transform Infrared spectros-
copy (FTIR). This provided direct information on how ion
bombardment and/or photon irradiation affect the mechani-
cal properties of porous low-k SiCOH films. The relation-
ship between the changes in mechanical properties and
photon energy was examined by exposing samples to
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monochromatic synchrotron radiation with specified photon
energies.

Il. EXPERIMENTAL DETAILS

The dielectric films used in this work are 640-nm low-k
porous SiCOH that were plasma-enhanced chemical-
vapor-deposited (PECVD) on (100) p-type silicon wafers.
The deposition took place in a capacitively coupled PECVD
reactor utilizing a 13.56 MHz radio frequency (RF) source in
the presence of several inert and reactive gases with an orga-
nosilane precursor. Neither structure-forming techniques nor
the introduction of porogen molecules were used in the depo-
sition process. The dielectric constant (k) of the as-deposited
material was measured to be 2.65 using capacitance-voltage
(C-V) characteristics. After deposition, some of the films
were UV cured using a Novellus Systems SOLA®
Ultraviolet Thermal Processing (UVTP) system. The UV
photon energy was between 3.1 and 6.2eV with a total
fluence of approximately 1 x 10'® photons/cm?®. After UV
curing, the dielectric thickness was measured to be 500 nm
and the dielectric constant (k) was measured to be 2.55. The
density and atomic composition of the dielectric thin films
with and without UV curing are shown in Table 1.

Plasma exposures were made in an electron-cyclotron-
resonance (ECR) plasma reactor operating with a 400 W,
2.45 GHz microwave power source and 875 G magnetic
field, as illustrated in Figure 1. The ECR reactor can work in
a “downstream” style when using a single magnet coil clos-
est to the microwave-transmission window.'® The sample
chuck was located approximately 30-cm downstream from
the resonant layer and it can be biased using a 100 W RF
source and an L-type matching network.'” By varying the
RF power, a DC bias in the range of 0 to —100V can be
placed on the sample chuck, through which control of the
ion-impact energy from the plasma can be accomplished.
During plasma exposure, the temperature of the dielectric
film was monitored with a thermocouple connected to the
back of the sample.

To fully understand the effects of VUV photon irradia-
tion, monochromatic photon radiation exposure was made at
the University of Wisconsin Synchrotron Radiation Center
using an apparatus as illustrated in Figure 2. Detailed infor-
mation is available in previous work.?’ Compared with UV
curing, synchrotron VUV irradiation utilizes higher photon
energies and is carried out at room temperature without any
thermal effects. By selecting various photon energies and
fluences, synchrotron VUV irradiation can mimic the VUV
environment in a processing plasma while completely sepa-
rating any damage effects of VUV radiation produced by

TABLE 1. Film density and atomic composition of as deposited and UV-
cured porous organosilicate dielectrics (SiCOH) investigated in this work.

Ratios of peak areas via FTIR

Material Film density (g/cm3) Si-CH5/Si-O CH,/Si-O
As-deposited 1.15 6.6 8.9
UV-cured 1.25 3.5 3.2
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FIG. 1. Schematic of the electron cyclotron resonance plasma reactor appa-
ratus used in this work.

charged-particle bombardment. Photon irradiation energies
were specifically selected to mimic those emitted by process-
ing plasmas: photons of 11.8eV energy was used to mimic
the strong VUV argon lines at 104.8nm and 106.6 nm;*'
photons of 10.2eV energy was used to mimic the CHFj3 (tri-
fluoromethane, typically used feed gas for dielectric etch)
discharge emitted strong VUV hydrogen line at 121.6 nm;*?
photons of 6.1 eV energy was used to mimic the C,Fg (hexa-
fluoroethane, another typically used feed gas for dielectric
etch) discharge emitted strong VUV carbon-fluorine line at
202.6 nm.** The temperature of the dielectric film under syn-
chrotron radiation is also monitored with a thermocouple
connected to the back of the sample.

After plasma or VUV exposure, nanoindentation tests
were carried out on these low-k dielectrics using a Hysitron
(Minneapolis, Minnesota, USA) TriboIndenter™ equipped
with a diamond Berkovich tip and operated in open-loop
control. The machine compliance was evaluated using data
from a series of indents with different loads placed in the
center of a fused-silica standard and the SYS correlation.”’
Both calibration and SiCOH experiments utilized a load-
control indent consisting of an initial 20 nm lift-off and reap-
proach in order to define the initial contact point accurately,
followed by a 5s loading, a 5s hold at maximum load
(Pav), @ 2s unloading to 40% of the P,,,., a 60s hold at
40% P,,,. to remove thermal drift effects, and a 1s final
unload. After correcting the fused silica load-depth traces for
machine compliance, the series of indents were used to cal-
culate the area function following the standard Oliver-Pharr
method.”* Film crack thresholds were also studied as

Linear $— Position
Translator Adjustment
- Knob

Calibrated

Photodiode «— Observation

from Synchrotron
(4.5eV~20eV)

Electrical Connection
to Back of Sample

FIG. 2. Schematic of the synchrotron vacuum ultraviolet irradiation system
used in this work.
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described previously.'* All the nanoindentation experiments
were carried out at room temperature.

It should be noted that, since the usual nanoindentation
procedure relies on hardness (H) and elastic modulus (Ez)
readings generated by the nanoindentation instrument based
on the penetration depth and indenter shape, the substrate of
a thin film will have an increased effect on H and E as the
penetration depth increases. For thin films deposited on a
hard substrate, as is the case of porous low-k films on a Si
substrate, the results are usually overestimated and uncon-
vincing if the effects of the hard substrate are not consid-
ered.? Also, for the porous structure of SiCOH, film
densification underneath the probe could be significant dur-
ing the indentation process, which brings additional chal-
lenges to nanoindentation analysis. To obtain more reliable
testing, some necessary modifications were applied to the
measured results, which have been discussed in detail in pre-
vious work."*

For chemical property measurements, FTIR and XPS
were used. The film thickness and dielectric constant of the
samples were measured using a three-color ellipsometer and
C-V characteristics, respectively. The changes in elemental
composition, chemical structures, thickness, and dielectric
constant of the dielectrics for various exposure conditions
were analyzed and compared.

lll. RESULTS AND DISCUSSION

Table II summaries the changes in hardness (H), elastic
modulus (Ey), and film crack threshold (C7) after plasma or
VUV exposure under varying conditions, in which the per-
centage changes of these properties were all calculated based
on the pristine (no exposure) samples. We see that the film
hardness (H), elastic modulus (E;), and crack threshold (Cr)
were obviously changed after plasma or VUV exposure. In
this section, the roles of energetic charge-particles and VUV
photons will be discussed separately.

A. Effect of energetic ions

To investigate the effects of plasma exposure on the me-
chanical properties in SICOH during the plasma processing,
both as-deposited SiCOH and UV-cured SiCOH films were
exposed to various conditions. The ECR plasma reactor was
operated in the “downstream” style, as described in Sec. II,
for these exposures. Figure 3 illustrates the surface/bulk
modification after plasma exposure of the dielectric films. To
isolate the effects of energetic charged particles and photon
bombardment from chemical changes due to reactive spe-
cies, argon was used as the feed gas, under which the impact
from reactive radicals is minimized.'®'? This also excludes
the impact from moisture uptake, since argon plasma, com-
pared with O, plasma, does not change film hydrophobicity
significantly.'* The exposure time for each sample was set to
be Smin at 20 mTorr argon neutral pressure. The ion flux,
measured using a Langmuir probe as described previously,?
was determined to be 1.4 x 10" jons/cm? s. The total ion flu-
ence incident upon the sample surface is approximately
4.2 x 10'® jons/cm®. The photon flux from the plasma was
measured with a vacuum-ultraviolet monochromator over a
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TABLE II. Changes in hardness (H), elastic modulus (E;), and crack threshold (Cr) of the SICOH films after argon plasma (ions and UV/VUYV photons) or syn-

chrotron (only UV/VUYV photons) exposure of varied conditions.

Material Exposure environment Exposure conditions

% changes in hardness

% changes in modulus % changes in crack threshold

As-deposited
As-deposited
As-deposited

Tons and UV/VUYV photons None
Plasma no bias
Plasma —100V bias

UV-cured None
UV-cured Plasma no bias
UV-cured Plasma —100 V bias
As-deposited Only UV/VUY photons 6.1eV
As-deposited 10.2eV
As-deposited 11.8eV
As-deposited 8.0eV
As-deposited 8.5eV

0
16+ 1 4+1 12x2
23+1 6+2 162

0

9+1 2+1 8§+2
14+1 4£2 10x2
0x1 0x1 0x2
11+1 3+1 92
12+1 4+1 8§+2

*1 0x1 0x2
8+1 3+1 6+2

range of wavelengths from 50 to 300nm. The time-
integrated photon fluence during the plasma exposure was in
the order of 10'°~10"® photons/cm?.

As shown in Figure 3, the energetic ions from the
plasma collide with the dielectric surface and physically
bombard the backbone bonds. The ion energy, controlled by
the RF bias, varies from several electron volts to one hun-
dred electron volts and the penetration depth of them nor-
mally will be no more than 2nm.?® The penetration distance
of photons from an argon plasma into porous SiCOH films is
close to 100 nm and appears to increase, based on simulation
results, with photon fluence.?” It has been reported that the
ion-densification layer in these dielectric films, which is a
layer underneath the sample surface in which density has
increased from physical ion bombardment, is much larger
than the distance ions can penetrate into the films: the ion-
penetration depth. Thus, energetic ions can change the
“bulk” film properties. The ion densification layer was
observed to be about 30nm for the plasma-exposed sam-
ple.?® The mechanisms of these energetic-ion-induced “bulk”
property changes will be analyzed in detail in the following.

During plasma exposure, the sample temperature was
determined to increase from 22.5°C to 39.8 °C after a 5-min
exposure at 20 mTorr argon neutral pressure and 400 W
microwave power. Compared with typical temperatures
obtained during wafer fabrication including UV curing, the
thermal-heating effect from plasma exposure is not enough

Ar Plasma
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%
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FIG. 3. Schematic drawing of surface/bulk modification effect of argon
plasma on the dielectric films.

to cause chemical bond changing within the sample, and will
therefore be neglected. After exposure, the samples were
kept in vacuum packaging and then were placed in the nano-
indenter for testing. As illustrated in Table II, after plasma
exposure (floating bias), for an as-deposited SiCOH film,
there was a 16% increase in hardness, a 4% increase in mod-
ulus, and a 12% increase in the crack threshold, compared
with that for an unexposed sample. For a UV-cured SiCOH,
the plasma-exposed sample showed a 9% increase in hard-
ness, a 2% increase in modulus, and an 8% increase in crack
threshold, compared with the unexposed sample. These
results indicate that plasma exposure can improve the me-
chanical properties of SiCOH by enhancing the hardness and
elastic modulus. The smaller observed changes in the me-
chanical properties of UV-cured samples from plasma expo-
sure are as a result of the mechanical strengthening induced
by UV-curing.">'®

The differential FTIR spectrum was observed on an
as-deposited SiCOH film after Ar plasma exposure by sub-
tracting the spectrum of the pristine film from that of the
plasma-exposed film. These results show that the improved
mechanical properties are related to the plasma-induced
bond rearrangement in the film. As shown in Figure 4, after
plasma exposure, the bond intensities of the Si-O-Si network
(~1063cm™ "), Si-O-Si cage (~1130cm™'), and H-Si-O
(890-990 cm ') were found to increase while those of the
Si-(CH3),, (1250-1280cm ™', 760-870 cm ') and the Si-O-Si
suboxide (~1023 cm ') structures decreased. These differ-
ential FTIR results agree with those observed by Shi et al.,
showing a significant methyl depletion and a pronounced
enhancement of the Si-O-Si network bond structure.?®

It should be noted that these bonding configuration
changes are due to a synergy between the effects of energetic
charged particles and VUV photons from Ar plasma.?'
Prager et al.*® pointed out that energetic UV/VUV photon
irradiation can depopulate the Si-O-Si cage bond (in which
the Si-O-Si bond angle is approximately 150°) by forming
more energetically stable Si-O-Si network bonds (Si-O-Si
bond angle is 144°). However, our FTIR results show an
increased Si-O-Si cage-bond intensity. Therefore, it can
inferred that bombardment of energetic ions induces film-
surface densification and is responsible for the increased Si-
O-Si cage-bond density in the film surface, even though the
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FIG. 4. Differential FTIR spectrum of plasma-exposed porous organosilicate
dielectric films with floating potential or a —100V DC bias applied to the
sample chuck. Here, “6%” corresponds the bending vibrational mode and “v”
corresponds the stretching vibrational mode.

total number of these bonds over the entire volume of the
film is reduced by VUV photon.?*-*°

To confirm this hypothesis, a —100 Vpc bias was
applied to the sample chuck by varying the RF bias power.
The sample was exposed to the same plasma conditions. The
exposed time was also set to 5 min. Because all of the other
plasma parameters remained unchanged, and because the
steady-state RF bias does not draw a net DC current from the
plasma, variation of the wafer bias should only change
the energy of the ions impinging on the surface of the sam-
ple. In this case, we found that for as-deposited SICOH films,
the hardness increased by 23%, the modulus increased by
6%, and the crack threshold increased by 16%. Compared
with the unexposed samples, the film hardness and crack
threshold exhibited a significant increase. The modulus of
the exposed sample shows a similar trend but lesser effect.
For UV-cured SiCOH films, the hardness increased by 14%),
the modulus increased by 4%, and the crack threshold
increased by 10%, as shown in Table II. In the case of the
modulus measurements, more than 30 points on the plasma-
exposed sample were analyzed and each point was tested
using the same loading function.'® Including the effects of
errors in the measurement, the change in modulus was
4 +2%.

Differential FTIR spectra of plasma exposed film under
—100 Vpc bias are also shown in Figure 4. Here, higher
peaks of the Si-O-Si network (~1063 cm_l), Si-O-Si
cage (~1130cm™"), and open chain siloxanes H-Si-O
(890-990cm ") along with increased methyl depletion are
seen compared with plasma exposure with no bias on the
sample (floating). It should be noted that after plasma treat-
ment, to minimize sample exposure to ambient air, they were
sealed and kept in vacuum packs. The FTIR measurements
were made in a chamber filled with dry N5, to minimize oxi-
dation of the plasma-damaged layer during the measure-
ments. With regards to the possibility of the quartz window
releasing oxygen during discharge, a residual gas analyzer
(RGA) was used to examine the residual gas in the exposure
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chamber before and after the argon discharge. No additional
oxygen was detected after the discharge. One plausible
explanation for the increased number of Si-O bonds in
SiCOH after Ar-plasma exposure is that the carbon atoms in
the sample, existing in the C-O/H bond state, were sputtered
away by the energetic ions. The residual O dangling bonds
then reacted with Si dangling bonds to form open-chain
siloxanes (HSi-O-SiH). This will be further discussed in the
paragraph describing the XPS results.

When there was no bias, the sample surface had a float-
ing potential near zero and the typical energy of ions that
reached the film surface was relatively low (10 to 40 eV).31
In contrast, under —100V DC bias, the ion bombardment
energy was more than one-hundred eV. These higher-energy
ions can induce film densification in three ways:32 First,
physical bombardment of ions transfers their momentum to
the Si-O-Si backbone structures and densifies them. Second,
densification of the Si-OH bonds induces film shrinkage.
Third, impurity radicals/ions in the argon plasma can react
with the -Si-CHj3 groups on the porosity walls and can induce
a collapse of the pore structures.*? The first proposed mecha-
nism leads to higher bond densities of the Si-O-Si network
and Si-O-Si cage as seen in the differential FTIR results. The
second mechanism results in an increased density of Si-OH
bonds and the third mechanism is based on impurity induced
methyl depletion. The reactive and oxidizing impurity gas
mixed in argon, like O,, results in a breaking of the Si-CHj;
bonds and removes -CH; from the centered Si atom.”*°
RGA had been used to examine the vacuum integrity of the
plasma vacuum chamber before each exposure. It shows that
the pumping system worked well and no leaks were detected.
The purity grade of the argon gas is “Research Grade.” Thus,
the possibility of chamber leaking and impurity from feed
gas is minimal and was not seen on the residual gas analyzer,
and we can safely neglect the third mechanism.

To figure out the dominant mechanism of ion induced
film densification, XPS was performed on as-deposited
SiCOH before and after plasma exposure. Figure 5 shows
the O 1s, C 1s, and Si 2p electron orbital XPS spectra. The
results for unexposed as-deposited sample show that the O
Is, C 1s, and Si 2p spectra consist of major peaks centered at
approximately 531.8eV, 284.1eV, and 101.8eV, respec-
tively. The bond state is identified by fitting the spectra with
a number of Gaussian peaks. As is shown in Figure 5, the Si
2p electron orbital spectrum consists of two peaks, which
can be assigned to the C-Si-O3 bond (101.4 eV)*® and Si-Si-
O3 bond (102.5eV).* The relative area of the C-Si-O3 bond
(65.2%) is about two times larger than that of Si-Si-O3 bond
(34.8%). The C 1s related peaks can be assigned to the C-O/
H bonds (284.2eV)> and O=C bonds (288.0¢eV), and the
relative area of the O=C bonds is estimated 5.2% approxi-
mately. The O 1s electron orbital spectrum has a major peak
centered at 532.5eV (O-Si related bonds) and a small peak
centered at 530.6eV (O-C bond).35

In the plasma-exposed samples, several changes were
observed to these spectra. The intensity of the C 1s peak
decreases after plasma exposure and the decrease is more
significant in the —100 Vpc biased sample, indicating that
energetic ions with higher energy (—100V biased) can
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FIG. 5. XPS spectra showing the changes of O 1s, C 1s, and Si 2p electron
orbitals of as-deposited samples after plasma exposure with floating poten-
tial or a —100V DC bias applied to the sample chuck. The dashed lines are
the deconvolution results after fitting the spectrum with the Gaussian peaks
of the unexposed samples.

sputter away carbon more effectively. This is consistent with
the -CHj; peak decreasing in the FTIR results as described in
the former part of this paper. XPS results show that the C 1s
peak decreases mainly from the depletion of the C-O/H
bonds at 284.2 eV. The damaged C-O/H bonds leave O dan-
gling bonds in the film, which can react with other active
bonds in the film, i.e., Si dangling bonds. In addition, the
peak of the O Is electron-orbital spectrum shifts slightly af-
ter plasma exposure. By selecting a pass energy of 10eV
with a corresponding absolute resolution <0.5eV,'” the peak
shifted from 531.8 to 532.5eV. Deconvolution via fitting the
data with Gaussian peaks shows this small shift comes from
the decrease of the O-C bonds (530.6eV) produced by car-
bon depletion. The —100 Vpc bias plasma-exposed sample
also shows a higher O 1s peak intensity. The peak of the Si
2p electron orbital spectrum has a significant shift to higher
binding energies. For an unbiased plasma exposed sample,
the Si 2p peak center moves to 102.8eV. Deconvolution
results show the Si-O,4 bond (103.0eV), as well as the Si-O3
bond (101.4eV) and the Si-Si-O; bond (102.5eV) are
formed on the sample surface. As illustrated before, these
changes are most likely a synergy of energetic ions and
VUYV photons in the plasma. For a —100 Vpc biased plasma-
exposed sample, the Si 2p electron orbital spectra have a per-
fect Gaussian-shape peak centered at 103.0eV (Si-O,4 bond)
with a full width at half maximum (FWHM) of 1.81 eV, indi-
cating that a Si-O-Si network-structure layer is formed at the
sample surface. In addition, a significantly increased inten-
sity of the Si 2p spectrum is seen, which indicates densifica-
tion of the film surface.

Based on both FTIR and XPS results, it can be con-
cluded that energetic ions can affect the SICOH properties
mainly through physical bombardment, during which the
ions transfer their momentum to the Si-O-Si backbone and
transform them to more stable Si-O-Si network structures. In
the meanwhile, the concentration of the Si-O-Si network
structures is increased. The mechanism for ion
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bombardment-induced film bulk densification is illustrated in
Figure 6. Recall that surfaces exposed to an ECR plasma,
working in a “downstream” configuration,'® are subjected to
bombardment by energetic ions, whose kinetic energy can
vary from a few eV to hundreds of electron volts by control-
ling the sample RF bias.'® Ton bombardments of this nature
have very significant effects on the properties of the depos-
ited film: when a high-energy ion strikes the surface, it can
transfer its momentum to the Si-O-Si backbone structures
(the matrix structure unit as shown in Figure 6) near the sur-
face.*” Since the backbone structures are cross-linked in the
SiCOH film, the momentum can be transferred between the
neighboring atoms/molecules. The “bulk” densification
effects arise from a collision cascade which is induced by the
continuing physical bombardment of ions.*® Thus, any
“spaces” under the surface atoms will tend to be filled in.
Increasing ion bombardment tends to make films denser and
cause the film to become more compressive.”’ Using an
x-ray reflectivity (XRR) fitting based on multiple layer struc-
tures, Shi et al. reported a “bulk” densified layer of 30 nm in
plasma-exposed ultra low-k dielectric film (k ~ 2.2) with the
film density increasing by 20%, compared to the undensified
layer at the film bottom.*®

B. Effects of VUV photons

To better understand the observed results from plasma
exposure, and to separate the effects of VUV photon bom-
bardment from ion bombardment, monochromatic synchro-
tron VUV exposures were made on as-deposited SiCOH
films. Photon-bombardment energies were specifically
selected to be 6.1eV, 10.2eV, and 11.8eV to mimic those
emitted by C,F¢, CHF;, and Argon plasma. For each irradia-
tion, the exposure times were chosen so that the total photon
fluence impinging on the sample was the same (approxi-
mately 4.0 x 10" photons/cm?). This fluence is comparable
to the total UV/VUV photon fluence emitted during the
“downstream” ECR plasma exposure used in this work. The
sample temperature did not show significant changes during
synchrotron VUV irradiation.

The effects of VUV irradiation on the mechanical prop-
erties (film hardness, elastic modulus and crack threshold) of

energetic
ions

backbone
structure:

‘bulk’

FIG. 6. Model of physical ion bombardment induced film bulk densification.



044103-7 Guo et al.

as-deposited porous SiCOH films are also summarized in
Table II. It is observed that VUV photon irradiation with
energies of 10.2 and 11.8eV increases the film hardness by
11% and 12%, respectively, and increases the film elastic
modulus by 3% and 4%. For the crack threshold, as defined
in Sec. II, increases of 9% and 8%, respectively, were
observed for these samples. These results are consistent with
the results reported by Tatsumi er al.>® that showed that the
0-Si-O structure can be disordered by exposure to VUV
radiation with energy of ~10eV or above. However, after
additional irradiation with photons of energy 6.1 eV, the film
hardness and modulus were almost unchanged. To confirm
the existence of Si-O-Si, Si-C, and C-O/H bond states in the
films after VUV irradiation with photons of various energies,
FTIR and XPS measurements were made on the samples
after each exposure.

The differential FTIR spectrum in Figure 7 shows that the
bond densities of Si-(CHz), (1250-1280cm ™", 760-870cm ™),
Si-O-Si cage (~1130cm "), and Si-OH (890-990 cm ™) struc-
tures in as-deposited SiCOH films decreased significantly after
VUV irradiation with photon energies of 10.2 and 11.8eV and
with a photon fluence of 4.0 x 10" photons/cm?”. The peaks of
the Si-O-Si network (~1063cm™") and the Si-O-Si suboxide
(~1023cm™ ") structures increased after both 10.2eV and
11.8 eV photon irradiation. These results indicate that a slight
carbon loss and a structural rearrangement (i.e., conversion of
the Si-O-Si bond from cage to network/suboxide resulting in a
degradation of the Si-OH bonds).29 However, for 6.1eV
photon-irradiated SiCOH films, only the bond densities of
Si-(CH3), (1250-1280cm ™', 760-870cm™ ") were found to
decrease. Thus, these changes should be responsible for the
mechanical property changes in the film.

Two mechanisms have been proposed for the degrada-
tion of Si-OH bonds by VUV photons in low-k films:'>* (a)
a condensation reaction of two silanol groups, shown in Eq.
(1), or (b) a photon-assisted reaction of one silanol and one
methyl group, as shown in Eq. (2):

T T T T T T T T T T T T T T T T
0.03 |- e
0.02
S 0.01
) I
@
o 0.00§
s
3 i P :
s -0.01} % X -Si-OH 4
2 | x ¥ v Si-CH,
< &Si-CH, ¥
-0.02 | E
| + UV exposed to 6.1 eV photons ]
X VUV exposed to 10.2 eV photons
-0.03 - % VUV exposed to 11.8 eV photons ]|
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FIG. 7. Differential FTIR spectrum of porous organosilicate dielectric irradi-
ated by synchrotron with several photon energies. Here, “5S» corresponds

the bending vibrational mode and “v” corresponds the stretching vibrational
mode.
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O3 = Si-OH + HO-Si = O3 — 03 = Si-O-Si = 03 + H,0,
(D
03 = Si-OH + H3C-Si = O3 — O3 = Si-O-Si = O3 + CHy.
(2)

Since there is a significant loss of the -Si-CHj groups in
the sample after VUV irradiation, as shown in the differen-
tial FTIR spectrum, it is tempting to view that reaction (2) is
dominant in the context of the present study. The XPS spec-
tra of the Si 2p, C 1s, and O 1s of the VUV exposed samples,
as shown in Figure 8, support this argument. Compared with
the unexposed sample, the ratio of the decreased area of the
C 1s electron orbital XPS spectra to the increased area of the
Si-O-Si peak (103eV) in the 10.2eV and 11.8eV photon
irradiated samples is approximately 0.8, illustrating that
mechanism (2) dominates the reaction and is more active
than mechanism (1). In addition, the peak area of the O 1s
electron orbital XPS spectra of the samples after photon
irradiation almost is almost same as that of the unexposed
samples, which also shows mechanism (2) is dominant since
mechanism (1) is oxygen-consuming. This photon-assisted
reaction, illustrated by Eq. (2), increases the number of
bridging O3=Si-O-Si=0; bonds by depleting the nonbridg-
ing O3=Si-O and C-Si=0j; bonds, which further enhances
the degree of crosslinking in the films.

Both the FTIR and XPS results show that no significant
changes happen to the 6.1eV photon-irradiated SiCOH,
compared with an unexposed sample. This is the case even
through an energy of 6.1¢V is higher than the bond strength
of the C-Si bond, whose dissociation energy is 4.5eV.*
Prager et al.*® pointed out that only VUV irradiation with
wavelengths less than 190nm (£, > 6.5€V) can break
the H3C-Si bonds and generate Si-centered radicals which
subsequently attract protons from neighboring groups. This
explains why there is no experimentally observed mechani-
cal property change in SiCOH after exposure to 6.1eV
photons.
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FIG. 8. XPS spectra showing the changes of O Is, C 1s, and Si 2p electron
orbitals of as-deposited samples after synchrotron irradiation several differ-
ent photon energies. The dashed lines are the deconvolution results after fit-
ting the spectrum with the Gaussian peaks of the unexposed samples.
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To further check whether there is a critical VUV photon
energy to trigger the reaction of generating the bridging
03=Si-0-Si=0; bonds, 8.0eV VUV photons, a little lower
than the Si-O bond energies of (8.3eV) and photons of
8.5eV, a bit higher than the Si-O bond energy, with the same
fluence, were used to irradiate the sample. It was found that
after 8.0eV photon irradiation, no obvious changes in film
hardness, modulus, and crack threshold were observed, just
as in case of the 6.1 eV photon-irradiated sample. However,
after 8.5eV photon irradiation, the film hardness was found
to increase 8% and the elastic modulus and crack threshold
increased 3% and 6%, respectively, which is comparable to
that found for 10.2 and 11.8 eV photon-irradiated samples.

It also has been reported that if large angle Si-O-Si bonds
(>144°, i.e., Si-O-Si cage) and structural imperfections are
present in organosilicate glass films, deep UV radiation with
a wavelength smaller than 150nm (E,.,, > 8.26€V) on
these films can induce a structural rearrangement by convert-
ing the existing silica bonds into small angle Si-O-Si bonds
(Si-O-Si network).!>2° This structural rearrangement can be
only initiated by UV/VUV irradiation with shorter wave-
lengths than the absorption edge of the Si-O-Si network. This
threshold of photon energy coincidentally corresponds with
the Si-O bond strength (8.3 eV). This is confirmed by analysis
of the FTIR spectrum of the VUV photon-irradiated samples,
as shown in Figure 7. The structural rearrangement occurs in
10.2 and 11.8 eV photon-irradiated samples but hardly at all
in 6.1eV photon-irradiated samples. Only photons with
energy larger than the Si-O bond energy (8.3eV) can trigger
the silica-bond conversion: from Si-O-Si cage to Si-O-Si net-
work. Of the two bond states, the latter is more energetically
stable than the former. Thus, the film mechanical properties
can benefit from the increasing of energetically stable
network structure within the film. It should be noted that no
significant compositional change or film densification is
observed in this progress. This is quite different from the
plasma induced Si-O-Si structural rearrangements. The peak
shift of the Si 2p electron orbital XPS spectra of the 10.2 and
11.8eV photon-irradiated samples is attributed to the high
binding energy of the Si 2p electrons, as shown in Figure 8,
indicates the increase in the concentration of the Si-O4 bond
and the enhancement of the Si-O-Si network-structure layer
at the surface. This further corroborates the proposed struc-
tural rearrangement generated within the dielectrics that con-
verting the Si-O-Si bond from the cage configuration to a
more energetically stable network configuration.

IV. CONCLUSIONS

Both plasma exposure and VUV photon irradiation were
found to cause enhancement of SiCOH film mechanical
characteristics, resulting in a significant increase in film
hardness and crack threshold, and showing a smaller increase
in elastic modulus. This work has separated the roles of ener-
getic ions and VUV photons arising from plasma exposure.
Differential FTIR spectra and XPS measurements show that
the energetic ions can affect the SICOH properties mainly
through physical bombardment. The ions transfer their
momentum to the Si-O-Si backbone to form more stable
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Si-O-Si network structures. VUV photon irradiation can
enhance the hardness, elastic modulus, and also the crack
threshold of the film but only when the photon energy is
above the bond energy of Si-O. This latter enhancement
comes from the photon-assisted reaction that increases the
number of bridging O;=Si-O-Si=05; bonds by depleting
nonbridging O3;=Si-O and C-Si=0O; bonds, along with an
increase in the degree of cross linking within the film. In
addition, photons with energies higher than the Si-O bond
energy can induce a pronounced conversion of the Si-O-Si
bond from the cage configuration to a more energetically sta-
ble network configuration, with no significant compositional
change or film densification occurs in this process.
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