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Abstract

The semiconductor industry is gradually moving from well-established AlySiO technology to the new Cuylow-k interconnects,2

which brings a challenge in terms of poor thermal andyor mechanical properties of low-K dielectric films. Extensive nanoindentation
studies have been undertaken on organo-silicate glass(OSG) low-K films to explore their mechanical and fracture properties. A
cube corner indentation method was used to measure the fracture toughness of the OSG films, which ranges from 0.01 to 0.05
MPaØm . Film fracture was also observed during superlayer indentation adhesion testing. Interfacial cracks kinked into the film1y2

itself, indicating competition between adhesive and cohesive failure mechanisms. Given that the crack propagates through the
low-K, critical stress intensities on the order of 0.05 MPaØm are estimated. This is also consistent with the upper bound1y2

calculations of 0.06 MPaØm , based on spontaneous film fracture at a critical film thickness of 3mm due to tensile residual1y2

film stress relief.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In order to meet the next generation device require-
ments, the transition from well-established AlySiO2

technology to new Cuylow-k interconnect structures is
challenging, since a number of integration and reliability
issues are introduced. For the new Cuylow-K technology
reduction in the interline dimensions necessitate a reduc-
tion in the dielectric constant of traditional TEOS(tetra-
ethyl-ortho-silicate) interlayer dielectric(ILD) (k;4.1).
As air has a dielectric constant of unity, one logical
solution to reducing the dielectric constant of the ILD
without changing the chemical composition is to intro-
duce pores into the film. However, introducing these
pores in a controlled manner with a narrow pore size
distribution requires more than simply reducing TEOS
density. For the CVD deposited organo-silicate glass
(OSG) this problem is solved by introducing terminal
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methyl groups(–CH ) that interrupt the Si–O network3

and create nano-pores, each on the order of the volume
of a methyl group. However, these inclusions compro-
mise the mechanical stability of silica, increasing the
probability of mechanical failure due to a decreased
concentration of Si–O bonds as well as an increased
propensity for pore and density non-uniformity. Fig. 1
shows a state-of-the-art Cu six-layer interconnect struc-
ture from Motorola where the interline dielectric has
been chemically removed to expose all six interconnect
layers.

One challenge lies in generating a low-k film that can
withstand chemical mechanical polishing(CMP) with-
out fracturing or delaminating. Researchers have been
putting considerable emphasis on determining hardness
or Young’s modulus threshold that corresponds with a
material’s ability to endure CMP and wire bonding
processesw1–3x. In early studies at Sematech, there
appeared to be a correlation between elastic modulus
and the films’ ability to withstand chemical–mechanical
polishing. However, because these films’ mechanical
properties are intimately linked with their porosity,
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Fig. 1. Motorola copper 6-layer metallization(SEM image courtesy
of Hai Nguyen, APRDL, Motorola).

Fig. 2. Linear plot of representative silicate(OSG) low-K dielectric
films hardness vs. modulus, demonstrating the interrelated mechanical
properties of these films that stem largely from their porosity.

trends in hardness often correspond to trends in modulus.
Correlation with CMP failure can be just as easily made
with the film hardness.

Fig. 2 shows the relationship of modulus and hardness
that stems from the variation in porosity of a group of
silicate films. There remains considerable ambiguity on
how to model the mechanical properties of porous
materials, utilizing foam theoryw4x, percolation theory
w5x, and finite element methodsw6x; however, work in
this area is ongoingw7x. Studies at Motorolaw8x have
indicated that CMP survivability it is not a simple factor
of modulus, hardness, adhesion or toughness, but more
likely a combination of all of these properties, and that
developing methods to characterize each of them is
therefore critical.

A viable low-k material candidate must be compatible
with modern semiconductor processes such as etching,
stripping, cleaning, damascene lithography, device pack-
aging processes, and CMPw1,9x. The device reliability
depends on many factors including the ability of the
material to withstand intrinsic device stresses, the mate-
rials adhesion to its neighboring structures, and the
materials ability to withstand the thermal and mechanical
stresses of packaging. Typically, a multilevel IC device
experiences high shear stresses during the CMP process,
therefore any flaws at the interfaces or in the low-k film
itself can lead to long-term reliability problems. Mechan-
ical properties of thin films often differ from those of
the bulk materials. This can be partially explained by
the nanostructure of thin films and the fact that these
films are attached to a substrate. Due to typically high
yield strengths, thin films can support very high residual
stresses. This residual stress can be relieved later during
processing or in the actual device operation through
plastic deformation, thin film fracture, or interfacial
delamination. To mitigate these effects detailed reliabil-
ity and compatibility tests are required to integrate new
low-k dielectric materials and Cu interconnects.

Nanoindentation is a versatile technique for measuring
films mechanical propertiesw10x. Thin film mechanical
properties can be measured by tensile testing of free-
standing films w11x and by the microbeam cantilever
deflection techniquew12–14x, the easiest way is by
means of nanoindentation, since no special sample
preparation is required and tests can be performed
quickly and inexpensively. Both elastic modulus and
hardness can be readily extracted directly from the
nanoindentation curvew10,15–17x. Since the depth res-
olution is on the order of nanometers, it is possible to
indent even very thin(-100 nm) films. Indentation has
also been used to measure thin film adhesionw18–23x,
where the mechanical energy release rate, or practical
work of adhesion is calculated based on the size of
delamination that can be generated by high load(200–
800 mN) indentation.

Indentation techniques have also been used to measure
fracture toughness. When a sharp tip such as Vickers,
Berkovich, or a cube corner diamond is indented into
bulk brittle materials, radial cracking can occur after a
critical load has been reached. Typically, the sharper
cube corner diamond tip is used because of the greater
stress concentrations that it creates below the tip, which
may induce fracture at lower critical loads. In the case
of thin films, lower critical loads are necessary to
minimize the inevitable substrate influence on the film
fracture process. This method allows one to calculate
fracture toughness based on the maximum indentation
load and the crack lengthw24–26x. The analysis is
complicated in the case of thin film radial fracture
because of the halfpenny crack shape perturbation by
the substrate, film densification, and residual stresses in
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Fig. 4. Elastic modulus and hardness of a 2-mm-thick low-K dielectric
film as a function of indentation depth.

Fig. 3. Schematic of a low-K dielectric test structure cross-sections:(a) samples for modulus and hardness measurements;(b) samples for adhesion
measurements; and(c) samples with Cu layer.

the film. However, current studies have yielded prom-
ising developments in this area.

2. Experiment

Several test structures have been constructed to test
OSG low-k dielectric films mechanical properties. For
the elastic modulus, hardness and fracture toughness
measurements OSG films of different thicknesses rang-
ing from 50 nm to 2.5mm were deposited on oxidized
Si wafers(with a 50 nm sputtered TaN glue layer) using
a precursor CVD process. These structures are shown in
Fig. 3a. For the adhesion measurements a 1-mm-thick
compressive(1 GPa) TiW was sputter deposited on top
of all test structures. For some of the samples a 900-
nm-thick Cu layer was deposited on top of the low-k
films to simulate real interconnect structures for CMP
and determine at which interface failure would most
likely occur. A schematic of the adhesion test structure
cross-section is shown in Fig. 3b,c.

3. Elastic modulus and hardness

Elastic modulus and hardness measurements were
carried out using a NanoIndenter XP dynamic contact
module. Frequency and tip displacement modulated
continuous stiffness measurements were made at a fre-
quency of 75 Hz and an oscillation amplitude of 1 nm.
Typical hardness and modulus data for a 2-mm-thick
film as a function of indentation depth are shown in
Fig. 4.

Elastic modulus and hardness of different low-k mate-
rials from different vendors were previously measured
using nanoindentationw7,8x, in addition to the mechan-
ical properties measurements carried out in this study.
Presently, it is not well understood whether the increase
in hardness and modulus at low depths is an effect of
tip adhesion, oxide damage of the low-k film, or an
intrinsic indentation size effectw27x. It is important to
note that many low-k films exhibit viscoelastic and
viscoplastic(creep) behavior, which significantly com-
plicates the measurement of their mechanical properties,
which appear strain rate and tip oscillation frequency-
dependent when measured by nanoindentation. Progress
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Fig. 5. Low-K dielectric films adhesion as a function of the blister
radius to the indenter tip contact radius ratio.

has been made in techniques utilizing spherical inden-
tation to measure these time-dependent properties. How-
ever, the use of blunt indentation tips often precludes
the use of very thin films because of the inability to
localize the plastic zone underneath the tip.

Silica-based porous low-k films in this study have an
average elastic modulus of 7 GPa and relatively high
hardness of 1.3 GPa. Along with the Young’s modulus
and hardness, adhesion and fracture toughness are
important properties to measure for low-k films. With
low modulus to hardness ratios of these low-k materials
and their lack of plasticity, low fracture toughness should
be expected simply due to the fact that these materials
are more brittle, and there is almost no plasticity at the
crack tip that would normally increase fracture tough-
ness. Fig. 2 shows almost linear relationship between
elastic modulus and hardness for a range of different
low-k materials examined outside of the current study,
which can be partially explained by the nanoporous
structure of these materialsw7x.

4. Adhesion and fracture characterization

Beyond measuring the mechanical properties, signifi-
cant advances have been made recently in measuring
the adhesion strength of thin films using nanoindentai-
ton. Adhesion of low-k dielectric films was measured
by means of the superlayer indentation techniquew20–
23x. Most well-adhered or low modulus thin films cannot
be delaminated by means of regular indentation: most
ductile films tend to deform plastically around the
indenter by forming pileup and consequently will relieve
the indentation stress rather than transferring it to the
interfacial crack tip. To prevent these problems a high
modulus hard superlayer, capable of supporting and
storing large amounts of elastic energy is deposited on
top of the film of interest. Upon indentation a delami-
nation blister forms around the indent, and its area is
used to calculate the strain energy release rate(practical
work of adhesion).

Typically for a given thickness thin film adhesion
varies approximately 20–30%w23x. Fig. 5 shows a large
variation in the low-k film adhesion, from 0.2 to 1.5 Jy
m . Several delamination blisters have been cross-sec-2

tioned using Focused Ion Beam(FIB), and it was found
that the low-k fracture is generally cohesive(Fig. 6).
Since low-K dielectrics have low elastic modulus and
are relatively thin, it is possible to apply superlayer
indentation analysisw20,23x for estimating the resistance
to cohesive crack propagation. With the high hardness
to modulus ratios one may expect low fracture toughness
of these materials. What is really measured in this case
is the fracture toughness of the low-K film itself, and
the high spread in the mechanical energy release rate
values is explained byR-curve behavior.

Fracture characterization presented in Figs. 6–8 shows
the crack path in the test structures. The only low-K
film that exhibited signs of interfacial failure is a 1-mm-
thick film with extremely low adhesion value of 0.2 Jy
m . Fig. 7 represents interfacial or near-interfacial failure2

in the low-K dielectric with the crack kink from the
low-Kysubstrate to the low-KyTiW interface. While
measuring low-K film adhesion other researchers have
also observed cracks in the low-K close to the interface
w33x. Typically, the analysis for assessing the mechanical
energy release rate would still be valid due to the fact
that the low-K layer is very thin and the low-K elastic
modulus is much lower compared to other layers. For
any adhesion test the results should not be taken blindly,
and determining the crack path should be a part of
adhesion assessments and fracture characterization.

For the structures with a Cu layer(Fig. 3c), low-K
cohesive failure was also observed, implying that the
films stack interfacial toughness exceeds the low-K film
toughness. Given that the crack propagates through the
low-K during these tests and based on resultant mechan-
ical energy release rate calculationsw20,22,23x, and film
elastic modulus measurements, film toughness up to
0.05 MPaØm can be estimated. Using an average1y2

value of 7 GPa for the low-K modulus (Fig. 4), this
corresponds to a strain energy release rate of 0.36 Jy
m . This is intermediate to the lower values of the2

superlayer test results of 0.2 to 0.8 Jym in Fig. 5. This2

also agrees with the film toughness values calculated
from the critical film cracking thickness based on the
knowledge of the residual stress shown in the next
section.
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Fig. 6. (a) Nomarski contrast optical image of the TiWy400 nm low-K dielectric blister;(b) SEM micrograph of the FIB cross-section of the
blister in (a); and(c) SEM image showing low-K dielectric cohesive failure.

Fig. 7. Interfacial failure in a 1mm low-K dielectric film showing the
crack kink.

Fig. 8. FIB cross-section of the indentation-induced blister delami-
nation in the Cuylow-K dielectric structure showing cohesive low-K
dielectric failure.

Fig. 9. Phone cord buckling delamination pattern of the TiWylow-K
dielectric structures.

Several samples have exhibited phone cord delami-
nation upon deposition of a highly compressed TiW
superlayer. Typical examples are shown in Fig. 9. Given
the superlayer thickness of 1mm and the residual stress
of 1 GPa, and the elastic modulus of 275 GPa, the
amount of stored elastic energy that has been released

during the delamination process can be estimated follow-
ing Hutchinson and Suow34x:

2 21yn s hŽ .f R
GsZ (1)

Ef

wheres is the residual stress,h is the film thickness,R

and E is the film elastic modulus, andZ ranges fromf

0.5 to 4 w34x, depending on the sample geometry and
the residual stress sign. Ignoring the effect of the low-
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Fig. 10. Optical micrographs of cube-corner indentation-induced fracture in fused silica:(a) radial cracks;(b) radial and symmetric sub-surface
cracks; and(c) radial and asymmetric sub-surface cracks.

Fig. 11. Optical micrographs of cube-corner indentation-induced fracture in low-K dielectric films:(a) 2-mm-thick film; (b) radial and delamination
cracks in a 1-mm-thick film; and(c) 1-mm-thick film.

modulus low-K film, one can estimate 1.86 Jym for2

the amount of energy per unit area released, which is
an upper bound to the low-K adhesionytoughness values
ranging from 0.5 to 1.5 Jym (Fig. 5). A simple analysis2

like this can provide realistic upper estimates of the thin
film adhesionytoughness.

5. Low-K dielectic film fracture toughness

After realizing that in most cases there is a competi-
tion between the interfacial adhesion and film toughness,
and that cohesive fracture is observed in the case of
low-K films, we made attempts to measure thin film
toughness more accurately using nanoindentation.

Fracture toughness of a bulk brittle material can be
calculated within 40% accuracy based on the maximum
indentation depth,P and the crack length,c (Fig.max

10a) w25,26x:

B E B E1y2E PmaxC F C FK sa (2)C 3y2D G D GH c

wherea is an empirical constant which depends on the
geometry of the indenter, and is 0.0319 for a cube
corner indenter geometryw25x, E is the elastic modulus,

andH is the mean hardness. This expression should not
be directly applied in the case of a thin film, since
typically the crack shape is no longer halfpenny shape,
as assumed in the original analysis. Although, techni-
cally speaking, any type of pyramid can induce radial
cracks, it was shown that the cube-corner indenter
provides a lower cracking threshold in terms of the
maximum indentation loadw26x.

Fig. 10 shows three different scenarios one may
observe using pyramid indentation. Fig. 10a is the
desired configuration for radial cracks emanating from
the corners of an indent. Due to the high shear stresses
induced by the indenter pyramid edges, subsurface
delamination cracks were also observed for some indents
(Fig. 10b,c). Lawn and Wilshaww35x provide a detailed
review of the indentation-induced cracking in bulk brittle
materials. For the fracture toughness calculations only
‘perfect’ indents as in Fig. 10a were used. On average,
we calculate 0.5 MPaØm for the fracture toughness of1y2

fused quartz, which is lower compared to the literature
value of 0.75 MPaØm w36x. Although low, this is1y2

within the typical 40% error of the test.
Compared to the indentation-induced fracture in bulk

fused quartz, low-K films show similar cracking patterns
(Fig. 11). For the fracture toughness measurements
purposes we only consider ‘perfect’ indents that result
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Fig. 12. Maximum indentation load,P as a function ofc .3y2
max

Fig. 13. Plan views of a cracked 3-mm-thick low-K dielectric film.

with radial through-thickness cracks(Fig. 11a,c), and
not interfacial delamination(Fig. 11b) cracks.

We realize that Eq.(2) should not be directly applied
for the case of a thin film fracture since the crack shape
is not halfpenny. Still, a plot of the maximum indentation
load as a function of the crack length to the 3y2 power
demonstrates a fairly linear relationship(Fig. 12). A to
a first order approximation, Eq.(2) was used to estimate
the low-K films fracture toughness. Using this method
we estimate low-K dielectric films fracture toughness to
range from 0.01 to 0.05 MPaØm .1y2

An additional method utilized for measuring tough-
ness involves a lateral scratch, which causes a tangential
stress at the trailing edge of the scribe. This has been
utilized by both Ostartage et al.w28x and Hoehn et al.
w29x, noting that

B E B Ec ay11y2C F C FK s2s Øsin (3)C uu
D G D Gp c

where a is the contact radius andc is the half crack.
Sinceayc is almost always less than 1y2, sin (x);xy1

and with , one finds that Eq.(3) reduces2s sP ypauu max

to:

B E2P 1 Pmax maxC FK f Ø fconstØ (4)C 3y2 1y2 3y2D Gp ac c

with the latter approximation coming ifcya;constant.
This then is the same as Eq.(2), since (EyH) is1y2

nearly constant in Fig. 1. However, both Eqs.(2) and
(4) have inherent composite yield strength, modulus and
strain energy release rate built into a laminate system
needing detailed analysis.

One of the ways to more accurately solve this problem
would be to use FEM calculations of the stress field
around the indenter, taking into account low-K film
thickness and residual stress. As cracks in the low-K are
more tunnel-like, and do not propagate into the substrate,
an analysis by Beuth may be appropriatew30x. In
general, fracture toughness of a thin film can either
increase or decrease with the film thickness. For exam-
ple, thicker W films on steel are tougher, but W(C) film
toughness decreases with the film thickness due to the
limited crack tip plasticityw31x. Low-K films are brittle
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Fig. 14. Low-K dielectric stack residual stress as a function of the
film thickness along with the logarithmic function fit.

and porous so one should not expect toughness to
increase with the film thickness. In fact, we observe
low-K film fracture just because of the residual stress
relief (Fig. 13).

6. Low-K dielectric film residual stress

It is also important to consider the effect of residual
stress on the low-K fracture process. In the present study
it was found that at approximately 3mm thickness low-
K films form through-thickness cracks due to the resid-
ual stress relief(Fig. 13). Low-K dielectric film stack
residual stress measured using the wafer curvature tech-
nique is shown in Fig. 14 as a function of the film
thickness. The residual stress can be best fit with the
logarithmic function, also presented in Fig. 14.

s sAqBln h (5)Ž .R

whereA and B are the fitting parameters, andh is the
film thickness.

If we consider residual stress as the only source of
film failure, the strain energy release rate would be
described by Eq.(1). From fracture mechanics the stress
intensity in plane strain is related to the strain energy
release rate as:

2 2K 1yn sGE (6)Ž .f f

so K just due to the residual strain would be:

yKss Zh (7)R

where Z is described at Eq.(1). Note that the elastic
modulus cancels out, so Eq.(7) remains true also for
the plane stress conditions. Now we can write a failure
criterion based on the knowledge of the residual stress
and the film thickness:

yK Fs Zh (7a)C R

For a constant level of residual stress thicker films
would be more susceptible to failure. Eq.(7) is similar
to a definition of K, except here the film thickness is
used instead of the flaw size, or the crack lengthw32x.
Physically, this means that thicker films would have
larger flaw size. This can be explained by higher surface
roughness of thicker films, or using the Weibull statis-
tics, where thicker films would have higher volume,
thus higher probability of having larger defect through
the film thickness. Taking 25 MPa tensile residual stress
for a 3 mm film (Fig. 14), and Zs1.976 for channel
cracksw34x, gives 0.06 MPaØm .1y2

We can use the general log function for the residual
stress from Eq.(5) and expressK in terms of the
residual stress as a function of the film thickness:

1y2Z ZKF AqBlogh Ø Zh (8)Ž .

Here, we use the absolute stress values due to the
fact that both tensile and compressive stresses cause
film fracture. The only difference between compression
and tension is the failure mode(buckling vs. through-
thickness channeling cracking, both of which may be
accompanied by interfacial film debonding). Strictly
speaking, theZ values are different for tensile and
compressive residual stress and are given inw34x. K
normalized byZ from Eq. (8) is plotted along with1y2

the measured low-K fracture toughness in Fig. 15.
Converting the averageK values of 0.02 to 0.03IC

MPaØm to the strain energy release rates gives 0.061y2

to 0.13 Jym , which is just slightly less than the2

delamination fracture resistance of the low-K films in
Fig. 5. This demonstrates in general that it is the
toughness of the low-K material itself, and not the
adhesion that is controlling the fracture process. At
approximately 1mm film thickness there is a transition
from compressive to tensile residual stress, so the
amount of stored elastic energy in the film is minimal.
Measured film toughness for the 1-mm-thick films are
much higher than the calculated values due to the
residual stress, while there is agreement for the largest
thickness values. Additional energy(from nanoindenta-
tion, CMP, etc.) is required to fracture the thinner films.
On the other hand, for the thicker films calculated
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Fig. 15. Measured low-K dielectric film fracture toughness compared
to the normalizedK values due only to the film residual stresswEq.
(8)x.

residual stress fracture toughness values are comparable
to the measured ones, so film fracture just due to the
residual stress relief is quite possible, as observed in
Fig. 13. The measured low-K fracture toughness values
range from 0.01 to 0.05 MPaØm , which is lower than1y2

the low-K interfacial adhesion(0.037 to 0.1 MPaØm ).1y2

7. Conclusions

In this study, we consider the nanoindentation tech-
nique for measuring elastic modulus, hardness, adhesion
and fracture toughness of low-K dielectric thin films.
For the films studied hardness scales with elastic mod-
ulus, and fracture toughness is extremely low through
the film thickness and at the interface. We were able to
measure low-K film toughness using both the superlayer
and the cube corner indentation tests. Maximum meas-
ured fracture toughness is quite low, approaching 0.05
MPaØm . This appears to be consistent with the results1y2

from both indentation tests and calculations based on
film self-fracture due to the residual stress relief for
thicker films.

Low-K films studied are far from being ideal for
product integration due to poor mechanical performance.
Mechanical properties should to be optimized in terms
of improved fracture resistance. Nanoindentation tech-
niques were successfully applied for measuring a variety
of low-K dielectric films mechanical properties, from
presently almost routine elastic modulus to more chal-

lenging fracture toughness measurements. A lower
bound failure criterion based on the thin film residual
stress is proposed.
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