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Water uptake in porous low-k dielectrics has become a significant challenge for both back-end-of-
line integration and circuit reliability. The influence of absorbed water on the mechanical
properties of plasma-enhanced chemical-vapor-deposited organosilicate glasses (SiCOH) was
investigated with nanoindentation. The roles of physisorbed (o-bonded) and chemisorbed (f-bonded)
water were examined separately through annealing at different temperatures. Nanoindentation
measurements were performed on dehydrated organosilicate glass during exposure to varying
humidity conditions. The elastic modulus and hardness for as-deposited SICOH are intimately linked
to the nature and concentration of the absorbed water in the dielectric. Under mild-annealing
conditions, the water-related film mechanical property changes were shown to be reversible. The
mechanical properties of UV-cured SiCOH were also shown to depend on absorbed water, but to a
lesser extent because UV curing depopulates the hydrophilic chemical groups in SICOH. High-load
indentation tests showed that in-diffusion of water in the film/substrate interface can degrade the
hardness of SiCOH/Si film stacks significantly, while not significantly changing the elastic modulus.

©2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4817917]

. INTRODUCTION

Interconnect resistive-capacitive (RC) delay is a major
challenge for the further downscaling of integrated circuits.
To reduce the capacitance, materials with lower dielectric
constants are being used in back-end-of-line (BEOL) integra-
tion. Recently, low-k porous organosilicate glasses (OSG or
SiCOH), i.e., porous SiO, with hydrophobic methyl groups
(-CH3) lining the pores, have attracted much attention and
are widely accepted due to their enormous potential as an al-
ternative to conventional SiO, for inter-metal dielectrics.' ™
However, these originally hydrophobic porous-structured
low-k dielectrics have been found to become hydrophilic af-
ter plasma processing (e.g., photoresist stripping and clean-
ing).* For example, CF, polymers that are deposited during
the etching of SiCOH in fluorocarbon plasma can introduce
hydrophilic properties to SiCOH because they are not as
hydrophobic as —CHj3 groups. Additionally, oxygen plasma,
usually used to remove organic photoresist polymers, can
also remove the original hydrophobic groups (—CHj) and
create some free radical sites (—SiO,¢), resulting in the for-
mation of hydrophilic —SiO,-OH groups. These hydrophilic
groups enable significant amounts of water to be absorbed
from humid air following diffusion into the SiCOH bulk
through interconnected pores.”

During the interconnect fabrication process, wafers are
repeatedly exposed to aqueous solutions® and significant
amounts of water can be adsorbed and then diffuse into low-
k dielectric films, by attaching to different chemical groups
in the skeleton. This will degrade the dielectric properties
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and worsen reliability.” Thus, water uptake in porous low-k
dielectrics is a significant challenge for both BEOL integra-
tion and circuit reliability. In order to optimize the integra-
tion processes that can lower the mobility of water
molecules and minimize the effect of moisture, it is critical
to understand the fundamental interactions between moisture
and low-k dielectrics. Much work has been done to investi-
gate the moisture absorption and transport mechanisms in
low-k dielectrics and the effects of absorbed water on the
material’s electrical properties and reliability.®>® Previous
work? attempting to evaluate the effect of humidity on the
mechanical response of these low-k dielectrics has shown
that both the film hardness and elastic modulus can signifi-
cantly vary with ambient humidity, and these effects cannot
be explained easily by considering pore filling and/or stiffen-
ing associated with capillary stress. The actual mechanism
and influence of various absorbed water components on the
mechanical properties of SiCOH are still obscure. This
knowledge has the potential to result in some important
implications for fabrication of interconnect structures, such
as post-processing of the film/substrate interface in dielectric
film stacks.

Another concern is the change in mechanical properties
induced by moisture uptake in ultraviolet (UV) cured SiCOH.
As a promising treatment for strengthening porous low-k
materials, UV curing can improve the chemical stability and
the mechanical properties of plasma-enhanced chemical-
vapor-deposited (PECVD) SiCOH films by rearrangement of
their bond structures. For example, the UV-curing process
decreases the number of terminal non-bridging bonds and

© 2013 AIP Publishing LLC
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increases the number of cross-linking bonds.'® This rearrange-
ment strengthens the bulk Si—O—Si backbone and leads to sig-
nificant increases in elastic modulus and interfacial fracture
energy.'! In addition, structural rearrangement was seen to
occur at the film surface and a SiO,-like layer can form
there.'? Since the water solubility and diffusivity in the SiO»-
like layer are different from the bulk, the moisture intrusion
and retention behavior in UV-cured low-k films is believed to
be different.'® For these reasons, it is useful to make a further
investigation into the influence of water uptake on the me-
chanical properties of UV-cured SiCOH.

In this work, the influence of moisture uptake on the me-
chanical properties of both as-deposited and UV-cured organo-
silicate glass is investigated and the roles of separate absorbed
water components were analyzed separately. For this purpose,
PECVD SiCOH was pretreated with plasma for demethyla-
tion/hypomethylation and to increase the number of hydro-
philic groups in the low-k films. After exposure to a humid
ambient, separate annealing temperatures and procedures were
chosen so as to dehydrate separate water components out of
these hydrophilic samples. Fourier-transformed infrared spec-
troscopy (FTIR) was used to monitor the effectiveness of the
dehydration. Then, nanoindentation tests were performed on
the annealed samples in a sealed chamber with low relative hu-
midity (RH). To identify the influence of different water
components, the same measurements were repeated after con-
ditioning the film at higher RH’s, in which case water again
enters into the annealed samples and diffuses into the bulk. In
addition, a high-load indentation test was also carried out on a
variety of annealed samples, enabling the characterization of
the effect of in-diffused water at the film/substrate interface.

Il. EXPERIMENT
A. Materials preparation

The low-k dielectric materials used in this work were
PECVD porous SiCOH films (k ~2.55, organosilane precur-
sor), whose as-deposited thickness was 644 nm. UV curing was
performed using a Novellus SOLA Ultraviolet Thermal
Processing (UVTP) system. The film thickness after UV-curing
was measured using an ellipsometer to be 500 nm. An electron
cyclotron resonance (ECR) plasma system'* operating with a
400 W, 2.45 GHz microwave power source and an 875 G mag-
netic field was utilized for plasma exposure. The feed gas was
an argon-oxygen mixture (Ar/O,=150/50), and the operating
pressure was 10 mTorr. The exposure time was set to 100 s to
ensure efficient demethylation and to avoid significant genera-
tion of other plasma-induced damage. Both as-deposited and
UV-cured SiCOH were exposed under the same conditions.

For these dielectrics, which include free radical sites
(—Si0O,¢), it has been reported that there exist four types of
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FIG. 1. Schematic drawing of the vari-
OH HO ous OH species existed in Si-based
/ \ organosilicate glass and their bond

types to siloxane groups.

water-related chemical groups attached to the Si-based silox-
ane groups, as shown in Figure 1." The a-bonded and
f-bonded water components, often called physisorbed water
and chemisorbed water, respectively, are water molecules that
are hydrogen-bonded to the hydrophilic hydroxyl groups.
Unlike a-bonded water molecules that are loosely bonded to
each other and to surface hydroxyl groups, f-bonded water is
tightly hydrogen-bonded to two neighboring hydroxyl groups.
The existence of these water molecules will increase the
dielectric constant of the material and thus detract from efforts
to develop low-k dielectrics. Fortunately, these hydrogen-
bonded water components can be desorbed at a specific
annealing temperature, without changing or damaging the
chemical structure and integrity of the SICOH."'¢

The associated reactions for four separate water compo-
nent desorption mechanisms are shown in Egs. (1)—(4).7
Table I lists the desorption activation energy E, (enthalpy of
activation) for the different water components. E, enables a
quantitative comparison with the enthalpy of water conden-
sation, to determine the desorption temperature of water in
different absorbed states.

o:=Si—OH---H,O —= Si — OH + H;O0, (1)

p:=Si—OH---H,O---OH—-Si =—2

= Si — OH + H,0, 2)
71:=Si—OH---OH — Si =-= Si — O — Si = +H,0,
3)
7,:=Si—OH+ OH — Si =—= Si — O — Si = +H,0.
“4)

In this work, two different annealing temperatures were
selected to remove the hydrogen-bonded water from
hydroxyl groups in SICOH. The first one was 190 °C, which
can remove the «-bonded water component, and at the same
time leaving the ff-bonded water component still connected
to hydroxyl groups. The second annealing temperature was
400°C, which removes both residual o- and f-bonded water

TABLE I. Arrhenius parameters for the different elementary water desorp-
tion mechanisms.

Water component E, (kJ/mol) Assignment

o 23 £2 Physisorbed water

p 55 17 Tightly hydrogen-bonded water"
71 89 £ 1 Hydrogen-bonded silanol

Y2 202 = 18 Isolated silanol

“Tightly hydrogen-bonded water here is so-called chemisorbed water.
"The values come from Ref. 7.
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components existing in SICOH.” The annealing time was set
to be 1 h, based on the moisture absorption and desorption
dynamics model of Yao er al."?

A temperature-programmable oven was used as the
annealing system. To guarantee the annealing process indeed
removes the different absorbed water components effectively
and at the same time did not change the chemical structure
of the low-k SiCOH films, a specific annealing procedure
was adopted and run in three stages: (1) initial water absorp-
tion; (2) N, purging and annealing, and (3) final cooling
down and vacuum packing.

For stage 1, since water absorption by porous dielectrics
occurs readily upon exposure to air, the samples were
exposed to high moisture content air (about 80% RH) at
room temperature for 60 h, which is longer than the predicted
time from the model of Yao et al., to make sure the hydro-
philic SiCOH film was water-saturated. For stage 2, the oven
chamber was purged with dry semiconductor-grade nitrogen
gas with temperatures up to 120 °C for 10 min before starting
annealing, to reduce the background moisture and impurity
levels, which could contaminate the films. Then, the anneal-
ing process was started. The water-saturated samples were
heated with infrared lamps and the temperature was ramped
up from room temperature to either 190°C or 400°C at a
constant rate of 0.2°C/s, to minimize the possibility of film
delamination from the substrate. The samples were kept in
flowing dry nitrogen gas for 1 h after the temperature reached
its designated level of 190°C/400°C. The dry N, flow rate
was kept stable at 10° sccm, so that water driven out from
the films was carried away to avoid reabsorption or contami-
nation. After the heating process, for stage 3, the samples
were kept in the chamber to cool down to room temperature
with a dry N, flow rate of 10? sccm and vacuum packaged.

As a control, some samples were heated to only 100 °C.
This procedure was designed to remove the water adhering to
the sample surface and to minimize influences on the measure-
ment results from capillary stresses.'”'® During this annealing
step, the absorbed ¢- and ff-bonded water components should
not be affected and the samples remained water saturated.

FTIR measurements were conducted on the annealed
samples, allowing detailed insight into the changes in
SiCOH. Figure 2 shows the measured FTIR of water-
saturated SiICOH and annealed SiCOH for the two annealing
temperatures. Table II summarizes the —OH relative absorb-
ance peaks in PECVD SiCOH low-k films." Information
about the behavior of absorbed «- and f-bonded water com-
ponents after annealing can be obtained by tracking and
comparing these —OH related peaks. As is shown in Figure
2(a), water-saturated as-deposited SICOH indicates the exis-
tence of abundant hydrophilic groups during processing. For
films annealed at 190 °C, the spectrum shows a lower peak
height of the —OH related features, together with a moderate
shift toward higher wavenumbers of the stretching modes of
isolated and terminal —OH bonds (3650-3800 cm_l).

This can be explained as follows. The annealing process
removes the H-bonded H,O but not the terminal hydroxyl
that is bonded to the Si-O chain. Since the stretching modes
of isolated and terminal —OH have IR spectral peaks with
higher wavenumbers, the detected —OH related peaks shift a
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FIG. 2. (a) FTIR spectrum of the water-saturated, 190 °C annealed and 400 °C
annealed as-deposited low-k SiCOH film; (b) FTIR spectrum of the water-
saturated, 190 °C annealed and 400 °C annealed UV-cured low-k SiCOH film.

little bit to the left, as shown in Figure 2(a). This trend is
more significant for the film annealed at 400 °C, which has a
lowest —OH related peak because of the loss of both «- and
p-bonded water. These results are similar to the work of
Kubasch et al.* and indicate that these absorbed water com-
ponents can be removed effectively by annealing.

In addition, it was observed that for the 190 °C/400°C
annealed samples, the —OH related peaks increase and tend
to approach the water-saturated level after exposing the

TABLE II. —OH related FTIR peak assignments in PECVD SiCOH low-k
films.

Wavenumber (cm ™) Comment

3300-3600 H-bonded H,O (O-H stretching)
3650-3800 Stretching modes of isolated and terminal —OH
3690 Hydroxyl terminals

3750 Isolated surface silanols Si-OH (sharp peak)
3200-3650 H-bonded Si-OH in chain (Si-OH stretching)
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samples to humid air. This indicates that in a highly humid
environment, the dehydrated SiCOH can easily reabsorb
water until saturation is reached.

The FTIR spectra of UV-cured SiCOH, as depicted in
Figure 2(b), show almost the same results in the region between
3300 and 3800 cm ™. It also can be noted that for both anneal-
ing temperatures, the other main FTIR peaks from the PECVD
SiCOH, such as Si-O-Si (1068cm™'), C-H, (1273cm™’,
2878cm ™', 2973cm "), Si-H, (2178cm™!, 2232ecm ™), and
Si-C (800cm '), remain almost unchanged after annealing,
indicating no measurable chemical structure change or damage
occurs for these groups. The only variation in the SICOH film
induced by annealing is from the water components, and any
property changes should be water related.

B. Nanoindentation measurements

Moisture-dependent elastic modulus (E,), Meyer hardness
(H), and fracture behavior of SICOH films were investigated
with a Hysitron (Minneapolis, MN, USA) Tribolndenter®
equipped with a Berkovich probe. The RH inside the
Tribolndenter enclosure was controlled with an InstruQuest
(Coconut Creek, FL, USA) HumiSysTM HF RH generator.
To minimize exposure to ambient humidity, the films were
removed from their vacuum packaging and mounted with ep-
oxy on 15mm steel AFM pucks inside of a glove box with
dry air flowing through it. Inside the glove box, the mounted
films were sealed inside of containers that were carried to the
TriboIndenter® enclosure preconditioned at 10% RH. Inside
the Tribolndenter® enclosure the films were removed from
the sealed containers and mounted on the Tribolndenter®
stage as quickly as possible to minimize any changes in enclo-
sure RH caused by the brief exposure to ambient RH.
Nanoindentation was first performed at 10% RH, followed by
38% and 73% RH. The films were conditioned for a minimum
of 24 h at each RH before testing. For each increased humidity
level, measurements were repeated following the same proce-
dure at different locations on the samples.

For each measurement, the indenter was operated in
force-displacement mode and the tip oscillation frequency
was 125 Hz. Machine compliance was assessed from a 0.01-
1.2mN series of load control indents in a fused silica stand-
ard using the SYS correlation.”' Both calibration and SiCOH
experiments utilized a load-control indent consisting of an
initial 20 nm lift-off and reapproach in order to define the ini-
tial contact point accurately, followed by a 5s loading, a 5s
hold at maximum load (P,,,,), a 2 s unloading to 40% of the
P a2 60 s hold at 40% P, to remove thermal drift effects,
and a 1s final unload. Figure 3(a) shows the load function
and Figure 3(b) shows a typical series of indents performed
in each SiCOH film at each RH. After correcting the fused
silica load-depth traces for machine compliance, the series of
indents were used to calculate the area function following
the standard Oliver-Pharr method. All the nanoindentation
experiments were carried out at room temperature.

C. SEM imaging

To monitor and evaluate the moisture-dependent frac-
ture behavior of SiICOH, a Zeiss LEO 1530 field emission
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FIG. 3. (a) Load function used in this work, which consists of a 5 s loading,
5 s hold at maximum load, 2 s unload to 40% of the maximum load, 60 s
hold at 40% maximum load, 1 s final unload, and a 4 s hold at zero load
(The 60s hold was used to correct the load-depth trace for thermal drift and
the 4 s hold was used to assure the load was properly zeroed.); (b) load-
depth traces for 20 indents performed on a 500 nm water-saturated UV-cured
SiCOH film under humidity of 10%, arrow indicates the occurring of pop-in
and pop-out event.

scanning electron microscope (SEM) was used to image all
residual indents on the specimen surface. A very thin Au
layer (~60nm) was sputter-coated on each specimen for
high-quality SEM imaging. Figure 4 is representative of the
SEM images of residual indents with different P,,,,. During
the indentation process, if the load is sufficiently high, a
crack can be initiated from the indent corners and emanates
along the direction of “contact radius,” as depicted in Figs.
4(c) and 4(d). Cracks in the vicinity of the indents can be
seen to lengthen and widen with increasing P,,,., similar to
the observations of other investigations for porous OSG
low-k films.*

For each cracked indent, the length of fracture (c),
defined as the distance from the indent corner to crack
tip,23 as shown in Fig. 4(c), was measured. Also, the critical
load, the minimum load at which film fracture is
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observed, was recorded and compared with each series of
nanoindents.

lll. RESULTS AND DISCUSSION
A. Nanoindentation analysis

From the experimentally obtained load-displacement
curves during nanoindentation, the initial unloading stiffness
(S=dP/dh) was assessed by fitting 40%-95% maximum
load (P,,,,) of the unloading P-h segment to a power law
P=A (h—hp", where A, hy and m are fitting parameters.
Meyer hardness (H) and effective modulus of contact (E.z)
can be assessed based on their relationship with the contact
area and the measured contact stiffness by

H= &)

Eor = (6)

VA

where A, is the projected contact area of the indenter with
the sample surface. For indentation against a homogeneous,
isotropic, elastic half-space E is related to material proper-

ties by
1 _1<1y£+1ud2> o
Eygr B\ Es E, )’

where E; and v, are the Young’s modulus (1137 GPa) and
Poisson’s ratio (0.07) of the diamond probe, and E; and v
are the same quantities for the specimen. f§ is a constant that
depends on the geometry of the indenter. Once the Poisson’s
ratio of the specimen (v;) is known, the elastic modulus of
specimen (E;) can be determined. However, it should be
noted that for indentation against a layered elastic half-space

(@)
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FIG. 4. SEM images of residual indents
on the specimen surface with the maxi-
mum load of (a) 0.25 mN, (b) 0.50mN,
(¢) 075mN, and (d) 1.00mN.
Geometric parameters a, I, and ¢ la-
beled in (c) are “contact radius,” ema-
nated crack length, and total crack
length, respectively, where c=a+1.
All images are from the indents on
water-saturated UV-cured SiCOH under
humidity of 10%.

(such as a thin film on a substrate), the first term in parenthe-
ses in Eq. (7) must be replaced by 1/E,, where E, depends
upon the size of the indent in relation to the layer.”* As the
indent size increases, the substrate of the thin film will have
an increased effect on E,. The value of the specimen’s elastic
modulus (Ej) calculated using Eq. (7) is usually overesti-
mated and cannot be used directly. Several works have been
reported for nanoindentation studies of the mechanical prop-
erties of porous low-k to ultralow-k dielectric films deposited
on silicon wafers.?>2° However, some of the measured
results were unconvincing by inappropriately eliminating the
effects of the hard substrate. Also, for the porous structure of
SiCOH, film densification underneath the probe could be sig-
nificant during the indentation process, which brings new
challenges to nanoindentation analysis.

To obtain more reliable testing, some modifications
were used in this work. First, the contact area (A.) at each in-
dentation depth () was optimized. After correcting the fused
silica load (P)—depth (k) traces for machine compliance, the
Oliver-Pharr method®’ was used to assess contact area based
on initial unloading contact stiffness (S) and contact depth
(h.=h — 0.75%P/S) for each indent. Then, the area function
(A,) was determined by a calibration equation as follows:

Ac(he) = 24,502 + Cihe + CohM? 4 Csh /4
+ Cah B+ Csh M1, (®)

where C;-Cs are calibration constants of the indenter tip deter-
mined by the indentations on fused silica. The substrate effects
on the film elastic modulus (F) are accounted for by compar-
ing the experimental £, as a function of indent size to Stone’s
theoretical simulations.”' For the simulations, the Poisson’s ra-
tio of SICOH was assumed to be 0.25,28 and the elastic modu-
lus and Poisson’s ratio of the silicon substrate were taken to be
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161 GPa and 0.227, respectively. The only fitting parameter
here is the nanoindentation correction factor—/3, which is de-
pendent on the indenter geometry, tip bluntness, and Poisson’s
ratio of the material being indented, which was determined to
equal 1.23 following previous work.?*~"!

Figure 5 shows the comparison of experimental Ez;
(solid symbols) of the differently annealed as-deposited
SiCOH films under a humidity level of 10% with calculated
E.; (open symbols) using Stone’s model. The abscissa is
the square root of the contact area (y/A.) normalized by
film thickness (hy), which enables the simulations to be
compared with films of arbitrary thickness. A method used
by other researchers to assess SICOH film E, was to identity
a “plateau” region at small loads in which it was assumed
the substrate had negligible effect.>>? However, our
experimental E.z does not display a plateau and the simu-
lated E4 confirms that a plateau would not be expected for
these experiments. In the absence of the plateau region, a
model must be relied upon to accurately assess the value of
E, for SiCOH.2>:26:33 Here, we rely on Stone’s model and in
Figure 5 the agreement between experimental and the simu-
lated E.; is good when +/A./hs is less than 1. Above
VA /hs the experimental E, are higher than the simulated
E.; The data suggest that in addition to substrate effects,
the porous SiCOH is also densifying under the nanoindenter
probe and above the hard Si substrate, which causes an
increase in stiffness as suggested by previous researchers.®

When +/A./hy is less than 1.0, the good agreement
between experimental and simulated results indicates densifi-
cation does not have a significant effect. Consequently, only
data obtained in this region is used in the analysis, to guaran-
tee the measured values are characteristics of the porous
SiCOH films not the densified layer. Taking the water-
saturated as-deposited SICOH at a humidity of 10% as an
example, the experimental measured elastic modulus, as
shown in Figure 4, located between two simulated plots of
E;=5.0GPa and E;= 6.0 GPa in the region of \/A./hy< 1.0,
corresponding a true modulus value of 5.3 = 0.2 GPa. The
true effective elastic moduli of other treated SICOH samples
can be obtained in a similar way.
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FIG. 5. Comparison of experimental E.; (solid symbols) of the water-
saturated as-deposited SiCOH film under a humidity level of 73% with
simulated £, (open symbols) from Stone’s model.

J. Appl. Phys. 114, 084103 (2013)

Figure 6 shows the measured hardness of SiICOH films
as a function of the square root of the indentation contact
area normalized by film thickness. It was found that these
hardness curves, both as-deposited and UV-cured SiCOH,
look qualitatively similar, independent of the annealing con-
dition and humidity. At the onset of the indentation test, the
curves level off and the measured hardness stays at a plateau
value for shallow indentation depths. Then, the measured
hardness begins to increase significantly with increased load.
Finally, when the indenter probe approaches the film and
substrate interface, a discontinuity (a sudden drop) in hard-
ness appears in the curve. These discontinuities should be
attributed to the pop-in events®* (when the indentation depth
becomes large). As shown in Figure 3(b), pop-in events
occur (indicated by arrows) for indentation depths of about
310 nm for water-saturated UV-cured SiCOH under humid-
ity of 73%. Load-depth traces with different maximum loads
show that all pop-ins begin at the same indentation depth.
The pop-in events appear for both as-deposited and
UV-cured samples, and likely result from the film cracking
and adhesion loss (delamination) between the film and sub-
strate.”> Since hardness assesses the resistance of the mate-
rial to plastic deformation underneath the indenter, when a
crack forms, the probe can more easily penetrate into the
film/substrate system. This degenerated resistance induces a
substantial increase in the contact area and a significant
reduction in measured hardness, so a discontinuity appears
in the hardness curve.

To coincide with the elastic modulus, we also chose
\/A_C/hf< 1.0 as the hardness effective range, which is situ-
ated in the plateau region. The effective hardness of the film
can be determined by the plateau value. For simplicity, we
assume the plateau region is the “top layer” of the film and
the discontinuity region as “bottom layer” of the film.

It should be noted that in the hardness effective range
(\/A_C/hf< 1.0), the hardness results for UV-cured SiCOH are
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FIG. 6. Measured hardness of SICOH films as a function of indentation con-
tact radius normalized by film thickness. The data are based on the measure-
ment on 400°C annealed as-deposited and UV-cured SiCOH under
humidity of 10%.
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somewhat complex, compared with as-deposited SICOH, for
which the hardness increases and then decreases with the in-
dentation depth, forming a peak located at about /A./hs
=0.6. Similar phenomena were observed for all UV-cured
SiCOH samples. It is not clear at present whether this sce-
nario is caused by UV-curing induced non-uniform structural
rearrangements on the film upper interfaces or whether it is
related to differences in the hardness/modulus ratio that con-
trols the plasticity region beneath the probe. So a relative
percentage change of the film hardness for UV-cured SiCOH
could be used instead of the exact hardness value.

B. Mechanical properties
1. Elastic modulus

Table IIT summaries the indenter-measured elastic mod-
uli of dehydrated SiCOH films under humidity of 10%, using
the calibration methods discussed in the above section. As
discussed earlier, the roles of a-bonded and f-bonded water
can be identified by comparing the properties of the annealed
SiCOH samples at low humidity.

As listed in Table III, the tested elastic modulus varies
with the absorbed water components for as-deposited SICOH
films. Water-saturated films (with both o- and f-bonded
water in the bulk) have the highest E; of 5.5 = 0.2GPa,
oa-bonded water removed films have a lower E; of
5.1 = 0.2GPa, and both «- and f-bonded water removed
films have the lowest E of 4.2 = 0.2 GPa. These results indi-
cate that reduced water in the SiCOH decreases the film’s
elastic modulus, which is consistent with the results of
Broussous et al.” Further analysis shows that, compared with
the water-saturated samples, the elastic modulus of samples
with only fS-bonded water does not decrease substantially
(7.3%), while for the both «- and f-bonded water-removed
sample, the E; value has a larger drop (23.6%). The decrease
in the modulus for initially both o- and f-bonded water
removed SiCOH is more than three times of that for only o-
bonded water removed SiCOH. This may indicate that the f-
bonded water has a more significant effect on the elastic mod-
ulus than a-bonded water for as-deposited SICOH.

After conditioning at higher RH, the water-saturated
SiCOH film shows no difference in elastic modulus since the
hydrophilic groups are all both o- or f-bonded and no more
water can be absorbed. However, for the dehydrated SiCOH
films, there is a significant change in the modulus with

J. Appl. Phys. 114, 084103 (2013)

humidity. The elastic modulus variation induced by dehydra-
tion is offset by water from the increased humidity. After con-
ditioning at an RH of 38%, the E, decrease for 190°C
annealed SiCOH is around 3.6% compared with water-
saturated SiCOH, while for 400°C annealed SiCOH, this
value is 10.9%. After conditioning at an RH of 73%, the mod-
uli of the annealed samples are almost same as the water-
saturated sample, indicating that the decrease in E, associated
with dehydration is reversible under these annealing
conditions.

This can be explained as follows. Due to the annealing,
there are lots of hydrophilic hydroxyl groups existing in the
SiCOH as a consequence of the dehydration of «- and f-
bonded water. At low humidity, little water reabsorption
occurs. When the humidity is slightly increased, the water
density gradient between the atmosphere and the films is
small, so that the possibility of water molecules being reab-
sorbed by hydroxyl bonds is also small. Thus, dehydrated
films show just a slight increase in their modulus when the
humidity increases from 10% to 38%. As the humidity
increases to 73%, more water from the atmosphere can be
absorbed and incorporated into the film. The reabsorbed
water molecules tend to exist in the f-bonded form, because
at the beginning, the number of hydrophilic hydroxyl bonds
should be larger than the number of water molecules. Under
these conditions, the water tends to be bonded tightly to
neighboring hydroxyl groups with two hydrogen bonds
(f-bonded) until all of the hydroxyl groups are water-bonded
and saturation is reached. This additional bonded water con-
tributes to the increase of the elastic modulus. It is thus likely
that when the humidity continues going higher, the elastic
moduli of the dehydrated films will return to their initial lev-
els. This result thus shows that increased water concentration
increases the moduli of as-deposited SICOH until saturation
is reached.

For UV-cured SiCOH, the behavior of the elastic moduli
of the annealed samples stands in contrast with as-deposited
SiCOH. As shown in Table III, the measured elastic modulus
of dehydrated UV-cured SiCOH conditioned at 10% RH is
higher than that of the water-saturated samples. The meas-
ured elastic moduli of water-saturated SiCOH, initial o-
bonded water removed and initial both o- and f-bonded
water-removed UV-cured SiCOH conditioned at an RH of
10% were 6.0 = 0.1 GPa, 6.2 = 0.1 GPa, and 6.5 = 0.1 GPa,
respectively. Comparing with the water-saturated sample,

TABLE III. Measured elastic modulus for different annealed SiCOH at shallow indentation depth. The percentage increase or decrease in the elastic modulus

compared with the reference water-saturated sample under a humidity of 10%.

Elastic modulus (GPa)

Dielectric films and treatments 10% 38% 73%

As-deposited Water-saturated 55*02(-) 5.5*+0.2(—) 55+02(—)
190 °C annealed 5.1 +0.2(7.3% |) 53 %0.23.6% ) 5.5 *+02(—)
400 °C annealed 42 +0.2(23.6% |) 49 *+0.2(10.9% |) 53 +0.23.6% \)

UV-cured Water-saturated 6.0 = 0.1 (-) 6.0 £0.1(—) 6.0 = 0.1 (—)
190°C annealed 6.2 0.1 (3.3% /) 6.1 £0.1(1.7% ) 6.0 = 0.1 (—)
400 °C annealed 6.5*+0.183%1) 6.3 £0.1(5.0% ) 6.1 0.1 (1.7% )

*The percentage increase/decrease was calculated based on the results of water-saturated sample after 10% RH conditioning.
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the dehydration of only o-bonded water increases E; by
3.3%, and when both ¢- and ff-bonded water were removed,
the increase was 8.3%, as listed in Table III. These variations
are much smaller than as-deposited SiCOH, indicating water
uptake has a smaller effect on UV-cured SiCOH.

These different responses to water absorption/desorption
are believed to be because of UV curing. UV curing on
SiCOH at elevated temperatures provides radiation excita-
tion and thermal energy to stabilize the film structure by the
removal of entrapped volatile hydrocarbons (-CH3) and
through local bond rearrangements, e.g., the transition of
large angle Si-O-Si bonds to more stable small angle ones.'®
Under these conditions, the weak hydrophilic terminal bonds
of Si-OH can be severed and replaced with hydrophobic
cross-linked Si-O-Si bonds.'*® This lower density of hydro-
philic bonds (-Si-OH) will lower the dissolution of water in
the film and reduce the possibility of water absorption from
humid ambient. This is also confirmed by examining the
FTIR spectrum of UV-cured SiCOH in Figure 2(b), where
the -OH related peak is much lower than that for as-
deposited SiCOH. Thus, for UV-cured SiCOH, the film’s
elastic modulus shows a weaker dependence on water uptake
in an aqueous environment.

Furthermore, these water-related moduli variations were
shown to be reversible, since when the humidity was increa-
sed, the modulus of dehydrated UV-cured SiCOH was shown
to approach that of water-saturated samples, and therefore the
modular differences between various annealed samples can
be negligible when the films were conditioned at 73% RH.

2. Film hardness

The hardness of the different annealed SiCOH films,
both as-deposited and UV-cured, was also measured and an-
alyzed, respectively, under varying humidity conditions.
Table IV summaries the measured hardness (H) at shallow
indentation depths under different humidity, for both
as-deposited and UV-cured SiCOH.

For as-deposited SiCOH, the H of water-saturated, when
only a-bonded water was removed and when both «- and f3-
bonded water was removed were measured to be 0.35 =
0.01 GPa, 0.32 = 0.01 GPa, and 0.27 = 0.01 GPa, respec-
tively, after 10% RH conditioning. Compared with the
water-saturated samples, dehydration of only ¢-bonded water
and dehydration of both o- and f-bonded water induces

J. Appl. Phys. 114, 084103 (2013)

hardness degradations of 8.6% and 22.8% separately, dem-
onstrating that dehydration of SiCOH decreases the hard-
ness. In addition, the f-bonded water has a more significant
effect than o-bonded water. These variation trends are in
good agreement with that for the elastic modulus for as-
deposited SiCOH. When the film were conditioned at 38%
and then 73% RH, the hardness of the water-saturated
SiCOH film almost remains stable; while for the dehydrated
films, the hardness increases and tends to approach the value
of the water-saturated samples, as shown in Table I'V. It can
be concluded that the decreases in film hardness caused by
dehydration can be reversed by conditioning at higher RH.

For UV-cured SiCOH, because of the volatility of the
UV-cured hardness, the relative percentage variation (%) for
H is used instead of the averaged values. These are shown in
Table IV. Dehydration of the UV-cured samples comes with
enhanced hardness. For example, after 10% RH condition-
ing, the 400 °C annealed sample, from which both «- and /-
bonded water was removed, has a 16.7% increase in
hardness compared with the water-saturated sample. For the
190 °C annealed sample, an increasing of 13.6% was found.
On the other hand, when the humidity of the water-saturated
sample was increased, their hardness remains almost the
same. For dehydrated samples annealed at either 190 °C or
400 °C, the enhanced hardness can be offset by water reab-
sorption in increased humidity, illuminating the water-
dependent hardness variation is also reversible. Thus, the
hardness increases when the water was removed by anneal-
ing. This coincides with the trend for the elastic modulus
variation with humidity discussed in Sec. III B 1.

However, a more significant water-related hardness vari-
ation was observed when the samples were subjected to a
high load indentation test, where cracking appears in the
film. Figure 7 shows the measured hardness of various pre-
treated as-deposited SiICOH films, as a function of square
root of the indentation contact area normalized to the film
thickness. The arrows indicate the first occurrence of a
cracked indent. The most significant difference appears in
the discontinuity region where cracked indents occur on the
sample, corresponding to the film “bottom layer” defined
previously. It shows that: (1) the dehydration of water from
SiCOH films results in a higher measured “bottom layer”
hardness. The high-load indentation test after conditioning at
10% RH illustrates that o- and f-bonded water-removed
samples show the highest measured “bottom layer” hardness,

TABLE IV. Measured hardness for different annealed SiCOH at shallow indentation depth. The percentage increase or decrease in the elastic modulus is com-

pared with the reference: water-saturated sample under humidity of 10%.

Hardness (GPa)

Dielectric films and treatments 10%

38% 73%

As-deposited Water-saturated 0.35 £ 0.03 (-) 0.35 = 0.02 (—) 0.35 = 0.02 (—)
190 °C annealed 0.32 £ 0.02 (8.6% |) 0.34 = 0.02 (2.9% \) 0.35 £ 0.02 (—)
400 °C annealed 0.27 £ 0.01 (22.8% |) 0.31 =0.02 (11.4% |) 0.33 £0.02(5.7% |)
UV-cured Water-saturated — — —
190 °C annealed 13.6% 1 6.1% 1 3.0% /
400 °C annealed 16.7% 1 7.6% 1 4.5% /

*The percentage increase/decrease was calculated based on the results of water-saturated sample after 10% RH conditioning.
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FIG. 7. High loading indentation test measured hardness of different pre-
treated as-deposited SiCOH films, as a function of square root of the inden-
tation contact area normalized to the film thickness. Labeled arrows indicate
the first occurrence of cracked indent.

followed by the a-bonded water-removed samples and then
by the water-saturated samples. (2) For both dehydrated and
water-saturated samples, the measured “bottom layer” hard-
ness substantially decreases with increased humidity. The
same phenomena are observed with a high load test on UV-
cured SiCOH films, as shown in Figure 8.

The distinctions between measured “bottom layer” hard-
ness for different samples are attributed to the water induced
characteristics variations of the film-substrate interface. In-
diffused water at the SiCOH/Si interface has a significant
detrimental effect on adhesion between SiCOH and sub-
strate.* When SiCOH/Si stacks are exposed to an aqueous
environment, the adhesion energy of the film-substrate
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FIG. 8. High loading indentation test measured hardness of different pre-
treated UV-cured SiCOH films, as a function of indentation square root of
the indentation contact area normalized to the film thickness. Labeled arrows
indicate the first occurrence of cracked indent.
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interface degrades drastically as a result of the in-diffusion
of water. The degradation of adhesion energy results in a
weaker film/substrate interaction and a subsequently weaker
resistance of the dielectric results in various forms of fracture
caused by stress.>> As a consequence, the measured “bottom
layer” hardness can be intimately linked to the water concen-
tration at the film/substrate interface. Under a high-load in-
dentation test, samples with lower water concentration at the
film-substrate interface have a higher crack resistance and
hardness degradation is less significant. The higher measured
“bottom layer” hardness of the 400 °C-annealed samples
after 10% RH conditioning sustains this scenario.

The crack profiles shown in SEM images of various
indents also support this inference. Figure 9 shows the meas-
ured fracture length (c¢) of each crack under a high-load test
for as-deposited and UV-cured samples, respectively. The
arrows indicate the location of the first observed crack on the
film. Thus, annealing of the sample improves the threshold
load for film cracking. The 400 °C-annealed sample exhibits
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FIG. 9. (a) Fracture length of each crack under high loading test for as-
deposited sample after 10% RH conditioning. (b) Fracture length of each
crack under high loading test for UV-cured sample after 10% RH condi-
tioning. Arrows indicate the observed first crack.
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TABLE V. Crack threshold indentation depth normalized by film thickness for indentation on different samples.

Crack threshold®

Dielectric films and treatments

38% 73%

Water-saturated
190 °C annealed
400 °C annealed
Water-saturated
190 °C annealed
400 °C annealed

As-deposited

UV-cured

0.66 ()
072 (9.1% 1)
074 (12.1% 1)

071 ()
0.73 (2.8% )
0.78 (9.9% 1)

0.62 (6.1% |)
0.66 (—)
0.67 (1.5% )
0.67 (5.6% |)
0.70 (1.4% \,)
0.73 (2.8% /)

0.65 (1.5% \.)
0.70 (6.1% 1)
0.71 (7.6% 1)
0.69 (2.8% \,)
0.71 (—)
0.76 (7.0% 1)

Crack threshold is defined as the ratio of indentation depth to film thickness at which crack is observed for the first time to the film thickness.
"The percentage increase/decrease was calculated based on the results of water-saturated sample after 10% RH conditioning.

the highest crack threshold indentation depth, followed by
the 190°C annealed and the water-saturated samples.
Examining the as-deposited SiCOH after 10% RH condition-
ing, for example, when the indentation depth reaches 70% of
the film depth, cracking is observed on the water-saturated
sample, while the 190°C and 400 °C annealed samples are
still crack free. This shows that annealing can effectively
reduce the water concentration in the film/substrate interface
and enhance the adhesion between them, resulting in
increased crack resistance. This is consistent with the results
that the annealed samples have a higher measured “bottom
layer” hardness and the water-saturated samples show
degraded properties under a high-load test.

Table V summarizes the crack-threshold indentation
depth normalized by film thickness for measurements under
different humidities. As can be seen, increased humidity off-
sets the annealing strengthening effect, since in aqueous envi-
ronments lateral water diffusion along the SiCOH/Si interface
is significant® and in-diffused water inherently degrades the
adhesion energy. That is why the “bottom layer” hardness,
measured with a high-load test, substantially decreases when
the humidity increases, as shown in Figures 8 and 9. This
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FIG. 10. High loading indentation test measured elastic modulus of different
pretreated as-deposited SiCOH films, as a function of square root of the in-
dentation contact area normalized to the film thickness. Labeled arrows indi-
cate the first occurrence of cracked indent.

decrease is also observed in the water-saturated samples, for
which increased humidity shows no effect on the “top layer”
hardness. This is because when the film is cracked, the
SiCOH/Si surface is almost directly exposed to the aqueous
ambient. Instead of diffusion staring from the sample edge/
upper surface and then through the whole film layer, water
from the aqueous environment can directly reach the film/sub-
strate interface and stay there. The “in-diffused” water con-
centration at the film/substrate interface will significantly
increase. As a consequence, the measured “bottom layer”
hardness shows a substantial decrease with increased humid-
ity, for both the water-saturated and annealed samples.

These observations suggest that cracking of the film can
provide a new diffusion path for ambient water. The “bottom
layer” hardness of SiCOH/Si stacks is highly related to the
in-diffused water concentration at the film/substrate inter-
face. Tests on both as-deposited and UV-cured SiCOH show
the same trends.

One somewhat surprising aspect is that the water
induced film/substrate adhesion degradation has far less
effect on the elastic modulus than on the hardness, as
depicted in Figures 10 and 11. This should be because the
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FIG. 11. High loading indentation test measured elastic modulus of different
pretreated UV-cured SiCOH films, as a function of square root of the inden-
tation contact area normalized to the film thickness. Labeled arrows indicate
the first occurrence of cracked indent.
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elastic modulus depends directly on the ratio of stiffness to
the square root of the contact area. When water diffuses into
the SiICOH/Si surface, the hardness decreases, meaning that
the contact area between the indenter and the specimen
increases. With a larger contact area, we also measure a
larger stiffness, and as a result, we do not see much change
in the elastic modulus after in-diffusion of water. Thus, no
substantial decrease of the measured elastic modulus with
increased humidity was observed when the film was cracked.

IV. CONCLUSION

In summary, the influence of water uptake on the me-
chanical properties of low-k organosilicate glass was investi-
gated with nanoindentation. For as-deposited PECVD
SiCOH, the effects of absorbed water on elastic modulus and
on hardness qualitatively hold the same evolution mecha-
nism. UV curing is shown to effectively lower water-induced
mechanical property variations, by depopulating the hydro-
philic chemical groups in SiCOH. A high-load indentation
test shows that in-diffusion of water along the film/substrate
interface can degrade the hardness of a SICOH/Si film stack
significantly. The elastic modulus, however, shows a smaller
dependence on in diffusion of water.
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