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The effect of He /H2 downstream plasma �DSP� on the mechanical properties of plasma enhanced
chemical vapor deposition SiCOH low-k films was studied using nanoindentation �NI� with the
continuous-stiffness measurement technique. Furthermore, the main requirements for reliable NI
measurements on plasma-modified low-k films are discussed. The results show that the mechanical
properties of these films are intimately linked with their porosity and that exposure to He /H2 DSP
causes a change in both the porosity and the mechanical properties of the films. This change is
related to the removal of porogen residue formed during the ultraviolet curing of the low-k film.
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I. INTRODUCTION

The integration of copper metal wiring and intermetal
low-k materials has become crucial for next-generation inte-
grated circuit interconnect technology with low interconnect
resistive capacitive delay and allowing higher current densi-
ties. Recently, a number of low-k dielectric materials have
been developed to replace SiO2 as an intermetal dielectric in
microelectronic devices.1 These new materials must provide
both the electrical advantages of a lower dielectric constant
and a sufficient structural support for the embedded copper
wires used in state-of-the-art damascene processing. This re-
quires a good compatibility with modern semiconductor pro-
cesses and, therefore, places stringent demands on their me-
chanical stability, in both manufacturing and reliability.2–4

Recently used low-k materials in the Cu/low-k integration
scheme have k-values between 2.5 and 3.0. One of the lim-
iting factors in further reduction in k-value is mechanical
robustness since more than 32% of porosity needs to be in-
troduced into plasma enhanced chemical vapor deposition
�PECVD� low-k films in order to achieve k-values be low
2.3.

SiCOH-type low-k materials contain a SiO2-like matrix
where part of the terminating oxygen atoms is replaced by
organic groups �most often CH3�. Porosity in advanced
SiCOH-type low-k films is created after deposition through
the use of a sacrificial phase �porogen� that is removed by
ultraviolet �UV�-assisted thermal curing. Porogen residue in-
side the PECVD low-k films is a nonvolatile product of UV
photochemical dissociation of porogen. The amount of poro-
gen residue after UV curing depends on the deposition con-
ditions, porosity, and UV curing conditions.5 Recently, it was
found that the porogen residue in PECVD low-k films can be
removed by He /H2 plasma.6,7 Figure 1 illustrates the absorp-
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tion spectrum of UV-cured �solid lines� and 700 s He /H2

plasma-modified �dashed line� low-k films. The absorption
bands located between 200 and 300 nm are related to the
presence of amorphous carbonlike porogen residue.8,9

Plasma exposure completely removed the porogen residue
from the low-k film and the final absorption spectrum is
similar to UV spectra of low-k matrix material. Porogen re-
moval results in an increased film porosity, which reduces
inter-related properties responsible for the mechanical stabil-
ity of low-k materials: Young’s modulus, hardness, fracture
toughness, and interfacial adhesion. The latter phenomenon
is related to He /H2 plasma effect and might be a new chal-
lenge for Cu/low-k integration of advanced PECVD low-k
materials.7 The He /H2 downstream plasma is the most at-
tractive option for photoresist mask removal due to the mini-
mal effect on the degradation of the dielectric constant of
low-k film during the ash process.6,10,11 Therefore, it is nec-
essary to perform a detailed study of mechanical properties
of low-k film upon He /H2 plasma exposure.

This article focuses on the He /H2 plasma effect on the
mechanical properties of four different PECVD low-k films
using nanoindentation �NI� and the main requirements for
reliable NI measurement of these plasma-modified low-k
films. NI is a powerful technique for measuring mechanical
properties of thin films, including low-k dielectric
materials.12–18 However, accurate characterization of the me-
chanical properties of soft porous thin films has significant
limitations. One of the major concerns in using nanoinden-
tation on thin soft films is related to the spatial extent of the
elastic-deformation field in the film, which extends well be-
yond the actual depth of indentation and can result in an
overestimation of the true Young’s modulus of the
film.14,19,20,15,21,22 The value of Young’s modulus is very of-
ten used as an indicator of the mechanical stability of low-k
dielectric materials.18 Therefore, shallow indentation depths

are needed and a great deal of care needs to be taken with
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regard to the tip shape calibration, surface contact determi-
nation, relaxation phenomena, and film porosity effects in
order to get reliable data.19

This work contains two parts. The first part �A� is devoted
to key factors influencing reliability of NI study of thin low-k
films. The second part �B� focuses on the He /H2 downstream
plasma �DSP� plasma effect �i.e., porogen residue removal�
on the mechanical properties of SiCOH low-k films using the
NI technique.

II. EXPERIMENTAL DETAILS

Porous SiCOH-type low-k dielectric films of 180 nm with
porosity in the range of 13%–34% were deposited on 300
mm silicon wafers using a PECVD porogen-based process
and then afterward, treated with He /H2 DSP using different
exposure times. The matrix material was codeposited with
sacrificial porogen by PECVD and subsequently, UV cured
in nitrogen ambient at temperatures close to 430 °C. These
films were all deposited in exactly the same condition, but
were cured using two different UV sources �Table I�. The
k-values of the UV-cured films were in the range of 2.3. The
He /H2 20:1 DSP treatments of blanket low-k films were per-
formed in a downstream plasma stripper. The films were
treated with He /H2 DSP at a fixed substrate temperature of
280 °C using varied times in the range of 20–700 s. The
open porosity and pore size distributions were evaluated us-
ing ellipsometric porosimetry. Young’s modulus and hard-
ness of the low-k dielectric films were measured by the
nanoindentation technique using a nanoindenter XP system
�MTS Systems Corporation� with a dynamic contact module
and a continuous-stiffness measurement �CSM� option under

FIG. 1. Absorption spectrum of an as-deposited, UV-cured �solid lines�, and
700s He /H2 plasma-modified �dashed line� low-k films as measured by
UV-SE.

TABLE I. Summary of physical properties of as-depo

Film
Thickness

�nm�

Total film
porosity

�%�

Mean pore
radii
�nm� k-

A0 180 13 0.5
A1 180 32 0.9
A2 180 34 1.0
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constant strain rate condition �0.05 s−1�. A standard three-
sided pyramid diamond indenter tip �Berkovich� was used
for the indentation experiments. As the indenter tip was
pressed into each sample, both depth of penetration �h� and
the applied load �P� were monitored. Next, a load-versus-
depth curve was generated from the collected data. At the
maximum indentation depth, the load was kept constant for
10 s. No significant creep was observed in all samples. Dur-
ing the subsequent unloading segment, the tip is withdrawn
to 10% of the maximum load and then held in contact with
the surface for 60 s. The latter was used to correct the ther-
mal drift. From the experimentally obtained load-
displacement curve, Young’s modulus �E� and hardness �H�
can be calculated based on their relationship with the contact
area and the measured contact stiffness �S�,

S = �
2

��
Er

�A , �1�

H =
Pmax

A
, �2�

where A is the projected contact area of the indenter with the
sample surface and Er is the effective Young’s modulus de-
fined by

Er = �1 − �2

E
+

1 − �i
2

Ei
�−1

. �3�

The effective Young’s modulus takes into account the fact
that elastic displacements occurred in both the sample, with
Young’s modulus E and Poisson’s ratio �, and the indenter
with elastic constants Ei �1140 GPa� and �i �0.07�. Since
Poisson’s ratio is not well known for SiCOH low-k films, it
was varied between 0.17 and 0.3 during data analysis. The
contact area �A� was determined from the indenter tip shape
calibration. The contact stiffness was determined during the
loading segments of the indentation tests using the CSM
technique. This was accomplished by superimposing an al-
ternating force with known frequency, amplitude, and phase
on the nominal applied force. This oscillating force then re-
sulted in a displacement oscillation, h���=h0 exp�i�t+��,
where � is the applied oscillation frequency, h0 is the ampli-
tude, and � is the phase angle between the force and dis-
placement signals. The displacement response of the indenter
at the excitation frequency ��75 Hz� and the phase angle
between the force and displacement were then measured con-
tinuously as a function of the indentation depth. The phase

and UV-cured SiCOH low-k materials.

Young’s
modulus

�GPa�
Hardness

�GPa�

Curing UV source
wavelength

�nm�

6.3�0.6 0.53�0.03 No UV curing
4.5�0.2 0.39�0.03 �172 �narrow band�
3.8�0.3 0.36�0.04 �200 �broad band�
sited

value

3.0
2.3
2.3
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and amplitude of this response are characteristic of the ma-
terials’ properties. To investigate the deformation of the films
during a complete indentation cycle, several indents at dif-
ferent depths were made and observed with a scanning elec-
tron microscopy �SEM�.

III. RESULTS AND DISCUSSION

A. Key factors influencing reliability of NI study
of thin low-k films

Before showing the impact of He /H2 DSP plasma on the
mechanical properties of SiCOH low-k films, we first draw
attention to several challenges that are encountered during
data analysis, but are very often easily overseen. Obtaining
accurate reliable data on thin soft films requires �1� an accu-
rate surface contact determination, �2� a reduced spatial ex-
tent of the elastic-deformation field, �3� a calibration that is
accurate enough at very low indentation depths, and �4� the
determination of a critical penetration depth for coating-only
properties. This sets stringent demands on the nanoindenta-
tion equipment and on the quality of the indenter tip. All
these aspects will be discussed in Secs. III A 1–III A 4.

1. Surface-contact determination

During indentation experiments, the displacement is ide-
ally measured from the level of the specimen-free surface. In
practice, the indenter must first make contact with the speci-
men before the displacements can be taken. The depth at
which this happens is then taken as a reference point for all
further indentation depths. Figure 2 shows the contact stiff-
ness before �Fig. 2�a�� and after �Fig. 2�b�� deposition of a
low-k film on a silicon substrate. Zero contact stiffness cor-
responds to no interaction between the indenter tip and speci-
men surface. For each individual indentation experiment, the

FIG. 2. Contact-stiffness measurements as a function of indentation depth
for �a� silicon substrate; �b� SiCOH-like low-k film on a silicon substrate.
first contact point �zoomed area, Fig. 2�a�� is accurately de-
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termined by the user during data analysis. For silicon, the
contact stiffness is linear lyproportional to the displacement
for indentation depths above 10 nm �Fig. 2�a��. Deviations
from this relationship at shallow depths can be explained by
the non ideal geometry of the indenter tip. Hence, no reliable
data for Young’s modulus and hardness can be obtained
within this depth range. For a 180 nm low-k film on a Si
substrate, this depth range increases up to 15 nm due to the
softness of the film �Fig. 2�b��.

2. Spatial extent of the elastic-deformation field

A commonly used procedure to reduce the elastic-
deformation field during indentation is to increase the film
thickness and compare the mechanical properties of different
film thicknesses. However, as simple as this may seem, in
many cases this is not a straightforward approach since it
assumes similar mechanical properties and film stress states
for all film thicknesses. In reality, both the mechanical prop-
erties and film stress state are very sensitive to the film fab-
rication process. In case of porous SiCOH low-k films, the
mechanical properties of different thicknesses can only be
compared when they contain similar film porosity, pore size
distribution, and skeleton properties. Similar porosity for dif-
ferent film thicknesses can be achieved by optimizing the
UV curing time. Thicker films need longer UV curing times,
which results in a different strength of the skeleton or may
even lead to hydrophilization of the film when UV overex-
posure takes place. Hydrophilization is detrimental during
and after Cu/low-k integration since even a small amount of
adsorbed water significantly increases the total k-value. This
is especially important for porous materials, as they have a
large surface area per unit volume where water could poten-
tially be adsorbed. Even if the same skeleton properties can
be achieved by fine tuning the UV-cure conditions, this can-
not guarantee the same porosity or pore size distribution of
the films. Hence, in order not to overcomplicate the main
purpose of this work, we focused on 180 nm thick SiCOH
low-k films. This thickness value is justified since it is close
to thicknesses that are used in the present Cu/low-k integra-
tion scheme, but not too thin to be measured by nanoinden-
tation �see Secs. III A 3 and III A 4�. Another possible way
to reduce the elastic-deformation field during indentation is
by using shallow indentation depths. This can only result in
accurate data if the indenter tip calibration is also accurate
enough at these very low indentation depths. In Sec. III A 3
we will show that we can achieve a tip calibration sufficient
enough to analyze film thicknesses as low as the ones studied
in this work.

3. Indenter tip calibration

The key to measuring the mechanical properties of a ma-
terial is knowing the contact area at each indentation depth.
Therefore, a function relating the contact area �A� to the
contact depth �hc� is needed. For a perfect Berkovich tip this

2 18,12
relationship would be given by A�hc�=24.56hc. However
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since indenters used in practical nanoindentation testing de-
viate from the ideal indenter shape, an expanded equation is
used,

A�hc� = 24.56hc
2 + C1hc

1 + C2hc
1/2 + C3hc

1/4 + ¯ + C8hc
1/128,

�4�

where C1–C8 are calibration constants of the indenter tip that
need to be determined by frequently performing independent
indentations on a specimen that is mechanically isotropic and
has a known Young’s modulus and hardness that does not
vary with indentation depth. Because of its ready availability
and predictable mechanical properties, the most popular cali-
bration material is fused silica �E=72 GPa, v=0.17�.
Analysis routines are then used in reverse to deduce the tip-
area function over a large range of indentation depths. In this
work, the tip-area function was optimized to obtain reliable
Young’s modulus and hardness values for indentation depths
up to 15 and 25 nm �Fig. 3�, respectively. This is in agree-
ment with the required penetration depths for reliable NI data
�Fig. 2�b��.23

4. Determination of coating-only properties

In general, Young’s modulus and hardness values mea-
sured by nanoindentation for thin films on substrates show
severe substrate effects, thereby deviating from the “true”
mechanical film properties. A common-held rule is that the
penetration depth should be less than 10% of the film thick-
ness in order to avoid severe substrate effects. However, this
is certainly not a universal law but requires a good knowl-
edge of the indentation-deformation behavior of the coating/
substrate system, which is far more complicated than that of
bulk materials. This is certainly true in the case of a soft film
on a hard substrate, where significant pile-up effects may
occur since the hard substrate will constrain the plastic de-
formation of the coating. Finding ways to separate substrate
effects from the measured mechanical properties is, there-
fore, indispensable. Experimentally, in the case of a Berkov-
ich indenter, the critical penetration depth may be experi-
mentally determined by analyzing the load divided by the
displacement �P /h� versus displacement �h� curves.24,25 For

FIG. 3. Young’s modulus and hardness depth profile of fused silica after
performing the calibration of the indenter shape function using the CSM
technique.
most homogeneous elastoplastic materials, indentation load-
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ing curves obtained with self-similar indenter tips, such as
Berkovich, conical, or pyramidal, are usually well described
by20,15

P = Kh2, �5�

where K is a constant, depending on the properties of the
material, such as Young’s modulus, yield stress, and strain
hardening.26 For 180 nm thin SiCOH films on substrates, this
relationship might deviate from its linear behavior depending
on the relative stiffness of the film and substrate �Figs. 4 and
5�a��. From the change in the P /h versus h relations, the
indentation range containing the film properties without the
severe effect of the substrate can be extracted. This is illus-
trated in Fig. 5�a�, where a linear portion of the P /h curve is
found for indentation depths up to 30 nm �stage I�. Within
this depth range, a plateau in Young’s modulus and hardness
is found, representing the film properties. The true meaning
of this data is unclear since the effect of pore crushing during
indentation of these porous low-k films is not well known. In
this work, we will restrict to the comparison of mechanical
film properties extracted from these observed plateaus. Fu-
ture work includes a comparative study between NI experi-
ments and finite-element modeling �FEM� to clarify the ef-

FIG. 4. P /h-vs-displacement curve for as-deposited material A1.

(b)

(a)

FIG. 5. �a� P /h-vs-displacement curve for as-deposited material A1 at low

indentation depth; �b� corresponding Young’s modulus and hardness.
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fects of pore crushing on the NI data. From stage II, the
substrate starts to affect the measured results, where the
slope of P /h deviates from the linear trend with higher val-
ues. A transition of the slope is found around 150 nm, corre-
sponding to the indentation depth near the interface of the
film and substrate. Such sudden change might be explained
by de lamination or by film cracking. After this depth, the
slope of the P /h curve increases �stage III, Fig. 4� until a
second linear portion is reached �stage IV, Fig. 4�. The rate of
increase is faster than that found in stage II because in this
stage, the indenter tip had been in contact with the substrate
so that the measured mechanical properties in this stage are
mainly coming from the hard Si substrate. Figure 6 show
SEM images of material A1 at different indentation stages
�stages II–IV�. No indentation sites were found at stage I.
Possible explanations for this might be that either the inden-
tation size is too small at these shallow indentation depths or
elastic recovery may have taken place while retracting the
indenter tip. As the indenter approaches the interface with
the substrate, significant pile-up areas were observed around
the indentation imprints �Fig. 6�b��. This pile-up is most
likely related to the restricted deformation of the soft dielec-
tric films on the hard silicon substrate. When the deformed
area underneath the indenter tip reaches the interface be-
tween the film and the substrate, the material of the film will
be pushed upward in order to release the energy that is in-
troduced by the indentation event. Note that the mechanical
thin-film properties �stage I� are found in the depth range
where no pile-up effect was observed.

B. Mechanical properties of SiCOH low-k films upon
He/H2 exposure

Table I shows the physical properties of as-deposited
low-k materials before and after UV cure. Both the hardness
and Young’s modulus are intimately linked to the variation in
film porosity. The amount of porosity created in each film
depends on the initial porogen concentration and the amount
of porogen residues inside the films after UV curing.7 Be-

FIG. 6. Indentation deformation of a SiCOH-like low-k film on a Si substrate
in �a� region II, �b� region III, and ��c� and �d�� region IV.
cause for all films the same ratio of matrix and porogen
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precursors was used during deposition, the difference in po-
rosity is mainly caused by the UV curing process. During
this process, the porogen material is removed from the film,
thereby introducing additional porosity to the films. Besides
the removal of porogen material, UV curing also enhances
the strength of the film skeleton. Using a broadband UV
source �A2� clearly leaves less porogen residue as compared
to a small band UV source �A1�, as shown on the absorption
spectra in Fig. 1. This agrees with the larger porosity and
mean pore radii for film A2 �Table I�. Note that the reported
values actually reflect the mechanical properties of the top
layer of the low-k films. It is clear that the initial mechanical
properties of these films are very much determined by both
the initial porogen content in the films, the remaining poro-
gen residues and the strengthening of the film skeleton. Re-
cently, it was found that all porogen residues can be removed
by He /H2-DSP independent of the wavelength of UV light
that was used for curing and that no plasma damage has
occurred in the low-k skeleton.6,7 Hence, this approach offers
an opportunity to study the effect of porogen residues on the
mechanical properties. Figure 7 illustrates that the depth of
modification for films A1 and A2 clearly increases with in-
creasing He /H2-DSP exposure time. In both cases the depth
of modification tends to saturate at higher He /H2-DSP expo-
sure times suggesting that depth of porogen residue removal
is limited by the diffusion of the H radicals into the low-k
material. The observed difference in penetration depth be-
tween films A1 and A2 further illustrates that the penetration
depth of H radicals is sensitive to the UV curing conditions
�which defines the open porosity, pore size and pore size
distribution of the films� and the recombination of H radicals
on the pore walls. Figure 8 shows the relationship between
Young’s modulus and hardness for SiCOH low-k films that
were exposed to He /H2 plasma. During plasma exposure, no
severe changes in total film thickness ��1%� were found so
that a relative comparison of the mechanical properties is
still valid despite the rather small film thickness.6 A clear
decrease in the mechanical properties for increasing He /H2

exposure times is found. Since no plasma damage was ob-
served in the low-k skeleton upon He /H2 treatment, this sug-

FIG. 7. Depth of modification as a function of He /H2 plasma exposure time
for films A1 and A2.
gests that the observed decrease in the mechanical properties
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can be mainly attributed to the increased total film porosity
caused by the removal of porogen residues inside the modi-
fied low-k film after He /H2 treatment �Fig. 1�. This reduction
in mechanical properties corresponds to the materials ability
to endure chemical mechanical polishing �CMP�. It should
be noted that CMP survivability is not a simple factor of
Young’s modulus, hardness, adhesion, or fracture toughness,
but it is rather a combination of these properties that causes
CMP-related failure.27 Figure 9 shows the relationship be-
tween Young’s modulus and porosity. Similar observations of
influence of porogen residues on mechanical properties of
porous methylsilsesquioxane films were reported by Maiden-
berg et al.28 They found that by removing porogen residues
using a short time UV/ozone exposure, a remarkable increase
in fracture energy can be obtained from remnants of the po-
rogen molecules. In literature, several models have been de-
veloped to describe the effect of porosity on mechanical
properties. Some examples are cellular models for foam type
solids,29 percolation theory,30 finite-element modeling,31 or
models based on fractal analysis.32 However, it is not
straightforward to quantitatively apply these models to the
studied SiCOH low-k films. This is mainly because the me-
chanical properties of these films are not only defined by
porosity and the pore size distribution, but also by the pore
shape and the strength and structure of the skeleton. Figure
10 shows the relationship between the total film porosity and

FIG. 8. Young’s modulus and hardness for SiCOH low-k films that were
exposed to He /H2 plasma.

FIG. 9. Young’s modulus vs total film porosity after He /H2 plasma

exposure.
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the corresponding k-value of the film. By increasing the total
film porosity, the k-value of the studied films could be low-
ered to values as low as 2. The benefit of achieving such
k-values is at the expense of reduced mechanical film prop-
erties �Fig. 8�. Finding ways to further improve the film skel-
eton properties of porous low-k materials remains of great
interest. Despite the clearly observed trends in Young’s
modulus and hardness for He /H2 plasma-treated films, sev-
eral questions still remain open for discussion.

• What is the effect of pore crushing and a collapsing film
skeleton during indentation on the measured nanoindenta-
tion data?

• What is the actual contribution of the film skeleton to the
measured values with nanoindentation and what is the role
of porogen residues?

• How can the effect of porosity on the mechanical proper-
ties of PECVD SiCOH low-k films be described taking
into account all the contributing factors?

Future work therefore includes FEM to validate the
nanoindentation experiments presented in this work by in-
vestigating the influence of substrate properties. A compara-
tive study between NI/FEM and surface acoustic wave spec-
troscopy �SAWS� may offer a way to clarify the
contributions from the film skeleton and porogen residues to
the global Young’s modulus of the investigated films. Finally,
also the He /H2 plasma effect on the fracture toughness and
interfacial adhesion will be studied.

IV. CONCLUSIONS

This work contained two parts. The first part focused on
the main key factors that influenced the reliability of nanoin-
dentation results of 180 nm PECVD low-k dielectric films.
Good surface contact could be obtained for indentation
depths above 15 nm. Hence, no reliable data could be ob-
tained below this indentation depth. To improve the reliabil-
ity of the nanoindentation data, the tip-area function was
optimized to obtain reliable Young’s modulus and hardness
values at these shallow indentation depths. Furthermore, the
effect of substrate on the film-only properties was analyzed
by monitoring the change in P /h versus h curves. The linear

FIG. 10. Comparison between the total film porosity and the corresponding
k-value of SiCOH low-k films before and after He /H2 plasma exposure.
range on the P /h curves, which defined the film properties,
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was found at indentation depths below 17% of the low-k film
thickness. In the second part of this work, the effect of
He /H2 downstream plasma at 280 °C on the mechanical
properties of 180 nm PECVD low-k dielectric films was
evaluated using nanoindentation and taking into account all
the key factors that were encountered during the data analy-
sis. Both the hardness and Young’s modulus were intimately
linked to the variation in film porosity. Observed trends in
Young’s modulus corresponded to trends in hardness. He /H2

plasma caused a decrease in mechanical properties and a
change in porosity, which was related to the removal of po-
rogen residue. Moreover, the initial porogen content inside
these films was proportional to the change in Young’s modu-
lus and porosity. This controlled increase in film porosity
resulted in low-k films with reduced total k-value from 2.3 to
2.0. However, significant reduction in Young’s modulus ac-
companied with increased porosity of the low-k films allows
accounting for additional challenges during Cu/low-k inte-
gration. Future experiments involving FEM and SAWS are
needed to clarify the contribution of porosity, porogen resi-
dues, and film skeleton on measured mechanical properties
by nanoindentation.
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