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Abstract Mechanical properties of porous methyl sils-

esquioxane samples with dielectric constant 2.4 and 2.0

and a recently developed nanoclustering silica film samples

with dielectric constants 2.3 and 2.0 were evaluated using

an atomic force microscope based nanoindentation. It was

found that the Young’s modulus and the hardness decrease

while the fracture toughness increases with a decrease in

the dielectric constant in the same type of material.

Moreover, the Young’s modulus and the hardness of the

nanoclustering silica films were observed to be at least

twice and fracture toughness values *1.3–1.5 higher than

those for methyl silsesquioxane films with similar dielec-

tric constants. The high resolution topographic imaging

capability of atomic force microscope was shown to be

particularly useful in the measurement of cracks generated

by the ultra-low indentation loads, and the evaluation of the

fracture toughness of the nanoscale volumes of materials.

Keywords Methyl silsesquioxane �
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1 Introduction

In the development of high speed ultra-large scale inte-

gration (ULSI) devices, the inherent parasitic resistance-

capacitance coupling leads to serious problems like signal

propagation delay, crosstalk noise, and high power dissi-

pation. To mitigate these problems, a combination of low

dielectric constant (low-k) insulator with lower resistivity

metal, e.g. Cu, is required to replace the conventional

interconnect metallization system made of silica (SiO2) and

Al. According to the International Technology Roadmap

for Semiconductors (ITRS), dielectrics with k \ 2 are

required for the metallization interconnect system of the

45 nm ULSI technology node and beyond [1]. In search of

low-k materials, there are two general directions that have

seen a revival of interest. The first is the use of organic

polymer based material whose dielectric constant is

intrinsically smaller (compared to 4.5 of silica). For

example, benzocyclobutene (BCB) and methyl sils-

esquioxane (MSQ), whose dielectric constants are 2.65 and

2.80, respectively, have been studied as alternatives to

conventional silica [2, 3]. The strategy behind the silica-

based materials is to use the network made of much

stronger and more rigid silica as a starting point and then to

reduce the k value by lowering the density through the

incorporation of chemical substituents or voids into the

film [2]. For example, in the silsesquioxanes, each Si atom

is bonded to one terminating group such as hydrogen,

methyl, or phenyl, which results in a nominal stoichiometry

SiO1.5R0.5. Both the cross linking density and material

density are reduced by these terminating groups. The

reduction in k from that of SiO2 is thought to be mainly due

to the reduction in density. The second approach to lower

the k value into ultra-low range is to introduce porosity into

the silica by taking advantage of the low k value of air
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(k = 1). Because very few dense materials have a k value

less than 2.5, there has been much interest in fabricating

porous materials in order to reach ultra-low-k values

(\2.0). In addition to the porous silica, porous MSQ has

also been extensively studied for the use as ultra-low-k

material.

The introduction of porosity in the material lowers its

k-value; however it is difficult to control the size and dis-

tribution of pores because of the formation of large

interconnected pores by the coalescence of smaller ones.

This is accompanied by a dramatic deterioration of the

mechanical strength of the film, which significantly limits

the yield of chemical mechanical polishing in low-k/Cu

process integration [4]. Controlling the size and the spatial

distribution of pores in porous materials is considered to be

one of the most promising approaches to solve serious

problems such as poor mechanical properties [5]. Recently,

a novel coating type porous film from nanoclustering silica

(NCS) has been developed in order to improve the low

mechanical strength of the porous silsesquioxane films [6].

In this work, the NCS films were developed without the use

of templates and were shown to have higher Young’s

modulus in comparison to conventional MSQ films. Also,

by positron annihilation lifetime spectroscopy technique

the NCS films were shown to have a very uniform pore

distribution with reduced pore interconnectivity [7], an

effect attributed to a molecular diffusion-like pore forma-

tion mechanism [8]. Moreover, a recent theoretical study

[9] has shown that the pore size and pore position distri-

bution affects the film’s mechanical properties

significantly. The above rationales have led us to conduct a

systematic experimental study of the mechanical properties

of the MSQ and NCS films.

Nanoindentation is a widely used method for the char-

acterization of mechanical properties of thin films. In

addition to the conventional nanoindenters, the use of

atomic force microscope (AFM) for nanoindentation has

experienced an increasing popularity [10–16]. In AFM

nanoindentation, the usual imaging tip is replaced by a very

sharp diamond tip which is used for both indentation and

the subsequent imaging of the residual impressions. Spe-

cifically the nanoscale imaging capability of AFM provides

an effective platform for measuring the mechanical prop-

erties of the materials in the regime where optical

measurement of residual impression and crack sizes is

difficult. This allows the nanoindentation technique to be

scaled down to testing nanoscale volumes of materials, i.e.

closer to conditions in which these materials will be used.

In this article, we report the results of AFM nanoindenta-

tion experiments on four different types of samples: two

MSQ samples with dielectric constants 2.4 and 2.0

(denoted as MSQ 2.4 and MSQ 2.0, respectively) and two

NCS samples with dielectric constants 2.3 and 2.0 (denoted

as NCS 2.3 and NCS 2.0, respectively). We report the

effect of increasing porosity (leading to a lower dielectric

constant) on the mechanical properties (Young’s modulus,

hardness and fracture toughness) of given material, i.e.

MSQ 2.4 is compared to MSQ 2.0, and NCS 2.3 is com-

pared to NCS 2.0. Further, we compare the results between

the two types of materials with similar dielectric constants,

i.e. MSQ 2.4 compared to NCS 2.3 and MSQ 2.0 compared

to NCS 2.0.

2 Experimental details

2.1 Materials and samples

Porous spin-on films of MSQ 2.4 and MSQ 2.0 were

obtained from Motorola Inc. (Motorola, USA) and were

prepared by standard method of porogen addition and

removal by UV-curing. The MSQ is a silsesquioxane based

material and has a chemical composition of (CH3–SiO3/2).

The NCS 2.3 and NCS 2.0 were obtained from CCIC

(Catalysis and Chemicals Industries Co. Ltd, Japan). NCS

is a silica based material with k B 2.3. Unlike MSQ, NCS

is constitutively porous with a controlled distribution of

pore size and position. The details of NCS sample prepa-

ration and properties are described in Ref. [6]. A summary

of various properties (dielectric constant, film thickness,

surface roughness, average pore size and porosity) of the

samples used in the present work is given in Table 1. The

dielectric constants and the film thicknesses were measured

by capacitance measurement technique and ellipsometry,

respectively; while the average pore diameter and the

porosity were measured by ellipso–porosimetry technique

[17]. The surface roughness of the samples was determined

from tapping mode AFM topographic images. It can be

seen from Table 1 that the average pore size for MSQ

samples is higher in comparison to NCS samples with

similar level of porosities. Moreover, the root mean square

(rms) surface roughness of the MSQ samples is higher than

their NCS counterparts. This indicates that NCS contains a

higher number density of pores with smaller average wall-

to-wall distance between pores.

2.2 Nanoindentation test

Nanoindentation tests were carried out using an AFM

(PSIA Inc.) in force-displacement mode to measure the

Young’s modulus, the hardness and the fracture toughness

of the film samples. For the nanoindentation test, a stainless

steel cantilever with a force constant of 271.9 N/m and

cube-corner diamond tip geometry was employed (Veeco,

probe NICT-MTAP series). The force constant of the

cantilever was calibrated by thermal calibration method
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[18]. The Z-piezo detector was calibrated using standard

calibration grating. The calibrated force constants and the

calibrated Z-detector enable the conversion of the differ-

ential photodiode voltage (raw A–B signal) to force. This

was done by pushing the tip of the cantilever (cantilever is

attached to Z-piezo) a known distance against a sapphire

surface while recording the raw A–B signal [19]. To con-

duct nanoindentation test, topographic image of the sample

was taken in an area of interest (with the same tip used for

indentation). The cantilever tip was brought in contact with

the sample and pushed into the sample. The maximum

force applied during the process was controlled by con-

trolling the Z-displacement of the piezo. The force was

measured from the cantilever deflection, while the speci-

men deformation was calculated by subtracting the

cantilever deformation from the Z-displacement of the

piezo. The samples were indented with maximum applied

loads in the range of 5–60 lN. A very slow loading rate

dZ=dt ¼ 10 nm=s was employed to avoid the signature of

material strain rate sensitivity (if any) in the data [16]. Each

indent was made in a single load–unload sequence. After

the indentation, the same tip was used to raster scan the

specimen surface in tapping mode to take the topographic

image of the residual impression on the sample. The

indentation tests were conducted at 25 different points on

each sample. The load versus the specimen deformation for

each indentation was plotted and used for data analysis. All

the measurements were carried out at room temperature

(*25 �C) and at a relative humidity of *50%.

2.3 Indenter characterization

The indenter tip was used to image the AFM tip charac-

terization gratings (silicon spikes with radius of curvature

\10 nm; TGT01 series, MikroMasch, Chapel Hill, NC,

USA) in tapping mode and the image was de-convoluted to

obtain the image of the indenter tip. Figure 1a shows the

de-convoluted image of the tip. The tip is slightly asym-

metric with the highest asymmetry along the line marked 3

in Fig. 1a. Also, the height profile of the indenter tip along

the line 2 in Fig. 1a is shown in Fig. 1b. This line profile

along with other line profiles were used to determine the

total included angle of the indenter tip along three

directions. We found that, the three angles were slightly off

from 90� (included angle for ideal cube corner geometry),

and were 89.4 ± 0.2�, 91.0 ± 0.5� and 97.5 ± 0.5� along

lines 1, 2 and 3, respectively. The tip’s radius of curvature

was determined to be *47 nm. The distance denoted as d
in Fig. 1b was determined to be *25 nm. The corre-

sponding area function for the indenter at a contact depth hc

was calculated using the following expression [20, 21]:

Ac ¼ b hc þ dð Þ2: ð1Þ

Table 1 Summary of measured dielectric constant, surface roughness, film thickness and the vendor provided average pore size of the various

samples used in the present experiments

Film Dielectric constant k Thickness (nm) Surface rms roughness (nm) Average pore size (nm) Porosity p

MSQ 2.0 2.0 ± 0.1 300 ± 5 1.32 ± 0.05 3.6 ± 0.1 0.49

MSQ 2.4 2.4 ± 0.1 300 ± 5 0.95 ± 0.03 3.1 ± 0.1 0.33

NCS 2.0 2.0 ± 0.1 150 ± 5 1.13 ± 0.02 2.1 ± 0.1 0.45

NCS 2.3 2.3 ± 0.1 150 ± 5 0.70 ± 0.01 1.9 ± 0.1 0.33

Fig. 1 Method used in the indenter area function characterization. a
AFM image of the cube corner diamond indenter tip. The height

profiles along lines 1, 2, and 3 were used to determine the total

included angles of the tip and were found to be 89.4 ± 0.2�,

91.0 ± 0.5� and 97.5 ± 0.5�, respectively. b Line profile along line 2

of (a). The inset is the magnification of the rectangular enclosure in

the line profile. The parameter d is the distance from the blunt

extremity of the tip to the point where the best fit lines of the sides

meet. At a depth h of the indenter the area function is given by

A(h) = b(h ? d)2 where b is a constant to be determined
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Here the coefficient b for our indenter geometry was

determined based on the three angles to be 3.03. Note that

for an indenter with ideal cube corner geometry (d = 0),

the expression for the area function reads as Ac ¼
2:598h2

c :

3 Results and discussion

3.1 Young’s modulus and hardness

A typical tapping mode AFM image (2 9 2 lm2) of the

MSQ 2.0 surface is shown in Fig. 2a. The circled numbers

1, 2, 3, and 4 represent the regions chosen for indentation.

Nanoindentation tests were carried out with maximum

loads 14.8, 21.5, 29.0 and 36.7 lN on locations 1, 2, 3, and

4, respectively. Figure 2b shows the tapping mode AFM

image of the same surface in Fig. 2a right after indentation.

These images are obtained using the same tip used for

indentation. Note that the contrast scale in Fig. 2b is 10

times larger than that in Fig. 2a. Line profiles across the

indents in various directions were used to determine the

residual depth, hc. In Fig. 2b, it is clearly seen that plastic

deformation occurred in the films and the residual

impressions are triangular with small cracks going outward

(radial cracks) from the indenter corners. Figure 2c shows

the load–displacement (P–h) curves corresponding to

indentations at locations 1, 2, 3, and 4 in Fig. 2b. The

curves exhibit the same loading path, with different

residual strains upon unloading because of different max-

imum loads used. The slopes of the unloading curve at the

maximum depths were used to calculate the Young’s

modulus.

A comparison of nanoindentation P–h curves for MSQ

and NCS films is shown in Fig. 3a, b. In Fig. 3a, we

compared the P–h curves for MSQ 2.4 and MSQ 2.0 films

for approximately same maximum applied load,

Pmax * 11 lN. It can be seen that as the dielectric con-

stant of the material is lowered (e.g. from k = 2.4 to 2.0),

the material becomes softer. Similarly, in Fig. 3b, the P–h

curves for NCS 2.3 and NCS 2.0 films are compared for

approximately the same maximum applied load,

Pmax * 15 lN. These curves demonstrate a similar trend.

Next, we compare the P–h curves obtained from dif-

ferent materials but having similar dielectric constants. For

example, we compare the P–h curve of MSQ 2.4 in Fig. 3a

and that of NCS 2.3 in Fig. 3b. Even though the dielectric

constants are similar, NCS is stiffer. A similar conclusion

results by comparing MSQ 2.0 with NCS 2.0. This effect

can be due to either or both the intrinsic stiffness of the two

materials (notwithstanding the voids), and to a void size

effect introduced by the fact that the average pore size in

NCS is smaller than in MSQ. A pore size effect on both

moduli and yield stress was evidenced in other micro- and

nanoporous materials; the yield/flow stress increases

Fig. 2 a A tapping mode AFM image of the MSQ 2.0 surface taken

by the indenter tip. The circled numbers 1, 2, 3, and 4 are the points

chosen for indentation. b A tapping mode AFM image of the same

surface in (a) right after indentation and taken by the same tip used

for indentation. c Load–displacement curves corresponding to the

indentations at locations 1, 2, 3, and 4 in (b). The maximum forces

used were 14.8, 21.5, 29.0 and 36.7 lN on locations 1, 2, 3, and 4,

respectively. The loading rate was kept low at 2.0 lN/s (dZ/

dt = 10 nm/s) for all the indentations. The curves have the same

loading path, with different residual depths upon unloading because

of different maximum loads used. The slope of the unloading curve at

maximum depth was used to calculate the contact depth, hardness and

Young’s modulus
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dramatically with decreasing the pore size at constant

porosity [22]. The effect on stiffness depends on the sur-

face tension of the respective bulk material and is still a

matter of debate [23, 24]. Since non-porous NCS is not

available for testing, we cannot draw a conclusion here

regarding the relative importance of the two effects.

However, we conclude that, at the same dielectric constant,

NCS has better mechanical resistance.

The P–h curves were utilized to calculate the hardness

and Young’s modulus of various films using the Oliver

and Pharr method [20]. First of all, the unloading portion

of the load–displacement curve was fitted using the power

law:

P ¼ B h� hf

� �m ð2Þ

The slope of the curve at maximum load was found by

differentiating Eq. 2 and evaluating it at h = hmax.

S ¼ dP

dh

����
h¼hmax

¼ mB h� hf

� �m�1 ð3Þ

The contact depth hc was determined from

hc ¼ hmax � e
Pmax

S

� �
ð4Þ

Here e depends on geometry of the indenter [25] and was

taken to be 0.75.

The hardness (H) and the Young’s modulus (Es) were

calculated as:

H ¼ Pmax

Ac
ð5Þ

and

Er ¼
ffiffiffi
p
p

2c
S
ffiffiffiffiffi
Ac

p ;
1

Er
¼ 1� t2

s

Es
þ 1� t2

i

Ei
ð6Þ

The contact area, Ac, required in Eqs. 5 and 6 was evalu-

ated from Eq. 1. The subscripts s and i represent the

specimen and the indenter, t represents the Poisson’s ratio,

and c is a numerical factor equal to 1.034 for cube corner

geometry. For tests where the ratio hmax/t is high ([30%)

(t = film thickness), the hardness and modulus data are

likely to be influenced by the presence of the substrate, so

the substrate correction following the method proposed by

Saha and Nix [26] combined with King’s analysis [27] was

employed for the Young’s modulus data. However the

hardness data was not corrected since it requires the

knowledge of the yield stress to be input in the expression;

this parameter could not be measured for these samples.

A summary of measured mechanical properties is listed

in Table 2. Note that the uncertainties in the Young’s

modulus, hardness and fracture toughness given in Table 2

are the standard errors of the measured parameters. From

Table 2, it is seen that the hardness and Young’s modulus

decrease as the dielectric constant is lowered in the same

type of material due to increasing porosity. For example,

the hardness and the Young’s modulus of MSQ 2.0 are

*1.6 and 1.2 times lower, respectively than those of MSQ

2.4. Similarly, the hardness and the Young’s modulus of

NCS 2.0 are 2.3 and 2.0 times lower, respectively than

those of NCS 2.3. Comparing NCS 2.0 and MSQ 2.0, both

having the same dielectric constant, our results show that

NCS has higher modulus and hardness. A similar conclu-

sion is obtained when comparing NCS 2.3 and MSQ 2.4.

This makes NCS more suitable for microelectronic appli-

cations than MSQ.

Fig. 3 Comparison of load–displacement (P–h) curves during the

nanoindentation of various films. Comparison of the curves for a
MSQ 2.4 and MSQ 2.0 films; b NCS 2.3 and NCS 2.0 films.

Maximum loads used in (a) and (b) were *11 and *15 lN,

respectively. Comparison of the unloading slope and the residual

depths in the same species of materials indicates that the material with

lower dielectric constant is in general softer. The comparisons of the

P–h curves for MSQ 2.4 in (a) and NCS 2.3 in (b) shows that more

load has to be applied for NCS 2.3 in order to produce the same

maximum indentation depths of *55 nm. Likewise, a comparison of

the P–h curves for MSQ 2.0 in (a) and NCS 2.0 in (b) shows that

more load has to be applied for NCS 2.3 to produce the same

maximum indentation depth of *75 nm
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The average Young’s modulus and hardness for non-

porous MSQ (k = 2.80) are reported as 4.41 and 0.28 GPa,

respectively [28]. As expected, making the material porous

reduces the modulus to 2.31 and 1.94 GPa for porosities

p = 0.33 (k = 2.4) and p = 0.49 (k = 2.0), respectively.

In the same samples, the hardness decreases from 0.28 GPa

to 0.24 and 0.15 GPa, respectively. Not surprisingly, a

similar trend in the values obtained by conventional nan-

oindentation is observed in other materials. For example,

porous amorphous silica with dielectric constant k = 2 has

Young’s modulus 3.33 GPa and hardness *0.38 GPa,

while in a more dense state (with dielectric constant

k = 2.3), has higher modulus (5.49 GPa) and hardness

(0.7 GPa) [29–31].

3.2 Fracture toughness

The AFM-based nanoindentation technique was further

utilized to evaluate the fracture toughness of the MSQ and

NCS films. A schematic of the indentation-induced cracks

is shown in Fig. 4a, where c represents the crack length and

a represents the impression size. The condition for a well

developed crack is cited [32, 33] as c/a [ 2. Based on the

fracture mechanics analysis, the fracture toughness, KIC,

and the crack length, c, are related as [34]

KIC ¼ B
E

H

� �1=2
P

c3=2

� �
ð7Þ

where, B is an empirical constant that depends on the

indenter geometry, E is the Young’s modulus, H is the

hardness and P is the maximum applied load leading to

cracks of length c. For cube corner indenter geometry,

cracks produced are dominantly radial and the constant B is

equal to 0.032 [35]. By using Eq. 7, it is apparent that the

evaluation of fracture toughness not only requires the

knowledge of the modulus and hardness but also a precise

measurement of the crack size for a given indentation load.

In micro-indentation, cracks at relatively high indentation

loads of several hundred grams are on the order of 100 lm

and can be measured optically. However, the measurement

of fracture toughness of very thin films or small volumes of

materials requires much smaller indentations. While the

cracking threshold can be substantially reduced by using

sharp indenters such as those with cube corner geometry

[35, 36], the measurement of extremely small crack sizes

by optical methods is virtually impossible. With the high

resolution topographic imaging capability of the AFM, it is

possible to precisely measure indentation impression size

and the length of the cracks. For example in Fig. 4b, the

AFM topographic image of the indented surface is shown.

The dotted triangle shown in Fig. 4b is the hardness

impression. Cracks are seen to propagate in the radial

direction starting from the vertices of the dotted triangle.

To precisely measure the size of the cracks, the contrast in

the topographic image (Fig. 4b) was further enhanced by

using a high pass filter. Figure 4c shows the image in

Fig. 4b after high pass filtering. In this way, the crack sizes

were readily measurable and used in the Eq. 7 along with

the values of hardness and modulus to calculate the fracture

toughness of the samples.

A summary of the calculated fracture toughness values of

various samples studied is given in Table 2. The fracture

toughness of MSQ 2.0 is*1.3 times higher than that of MSQ

2.4. Similarly, the fracture toughness of NCS 2.0 is 1.4 times

higher than that for NCS 2.3. This indicates that toughness is

strongly influenced by porosity. Porosity increases the

toughness of microporous materials due to several effects:

crack trapping, void growth/cavitation in the process region

in front of the crack tip, perturbation of local stress field. In

nanoporous intrinsically brittle materials, the void growth

argument does not hold, but some degree of crack trapping is

expected. An additional effect that may play a role is the fact

that increasing porosity decreases the moduli which reduces

the driving force for crack propagation at given displace-

ment-imposed boundary conditions.

Comparing NCS 2.0 and MSQ 2.0, both having the same

dielectric constant and porosity, indicates that NCS has

higher fracture toughness. A similar conclusion is obtained

when comparing NCS 2.3 and MSQ 2.4. This indicates a

pore size effect. As the pore dimensions decrease at con-

stant porosity, the average pore wall-to-wall distance

decreases and pore–pore interaction is more pronounced. A

related effect was observed by Xia et al. [37] while testing

nanoporous anodic alumina membranes. They used a

similar technique and determined that when the pores are

small enough, buckling instabilities of the pore walls

Table 2 Summary of measured maximum applied load (Pmax), ratio of maximum indentation depth to the film thickness (hmax/t), hardness (H),

Young’s modulus (E) and fracture toughness (K) of various films studied

Film Applied load Pmax (lN) Range of hmax/t Hardness H (GPa) Young’s modulus E (GPa) Toughness K (MPa
ffiffiffiffi
m
p

)

MSQ 2.0 5–38 0.25–0.55 0.15 ± 0.02 1.94 ± 0.05 0.042 ± 0.002

MSQ 2.4 5–42 0.18–0.43 0.24 ± 0.02 2.31 ± 0.12 0.032 ± 0.003

NCS 2.0 5–45 0.50–0.85 0.30 ± 0.04 3.45 ± 0.06 0.061 ± 0.005

NCS 2.3 5–50 0.34–0.65 0.68 ± 0.03 6.82 ± 0.35 0.043 ± 0.003
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leading to shear banding starting from indenter edges are

observed rather than cracks. This implies higher toughness

for samples with smaller voids and given porosity. Since

our samples do not have the open pore structure of their

alumina templates (with cylindrical pores running perpen-

dicular to the film surface), we do not observe such

instabilities, but do not exclude that a similar effect may

underlie the observed increased toughness.

In closure it should be noted that an error in the fracture

toughness measurement may be introduced by the fact that

for (c/a) in the vicinity of 2, plastic deformation under the

indenter may affect crack propagation [33]. Other consid-

erations specific to cube-corner indenters [38] may also be

important. Considering all these issues, we estimate the

uncertainty of the reported fracture toughness values to be

*40% [39].

4 Conclusion

An AFM was used to evaluate the Young’s modulus, the

hardness and the fracture toughness of porous MSQ and

NCS films. It was demonstrated that an increase in the

porosity of the film (or a decrease in the dielectric constant)

decreases the Young’s modulus and the hardness of the

film, while increasing the fracture toughness. It was also

shown that the NCS films have better mechanical proper-

ties than MSQ samples and carry a promising potential

usage in the interconnect industries.
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