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The mechanical properties of benzocyclobutene film are investigated at the nanoscale by
nano-indentation using atomic force microscopy(AFM). The force versus indentation depth data
were collected with two different AFM tips of radii,20 and,380 nm. A strong size effect of the
plastic flow stress was observed as the radius of the indenter tip was reduced. More important, the
material exhibited pronounced strain rate sensitivity when probed at the nanoscale, while it was rate
insensitive at larger scales. These two size effects were quantified by analytic and finite element
modeling. ©2004 American Institute of Physics. [DOI: 10.1063/1.1805710]

The constitutive behavior of most materials becomes
size dependent when the dimension of the specimen or the
probed volume becomes of the order of a few microns. The
smaller samples were stronger(higher yield stress) than the
larger ones.1 The size effect of the yield stress was observed
as early as 1994 in a set of careful experiments performed on
thin metallic wires.2 Size effects were also observed in strain
hardening(flow stress) and in the ultimate tensile strength.3

Small volumes of material exhibit higher strain hardening
rates and fail at larger stresses. These phenomena are ob-
served in nano-indentation tests as well as when an internal
length scale of the material is controlled. An example from
this last category is that of nanostructured materials in which
the grain size is reduced into the tens of nanometers range.4

Nanoindentation testing is a popular technique widely
used for the estimation of mechanical properties of materials
at the nanoscale. The test is a replica of the traditional inden-
tation test in which the load versus displacement and the load
versus contact area are used to determine the hardness of the
material.5 One of the limitations of nano-indentation is that
no high resolution imaging of the area to be probed is pos-
sible before or after the test, since the tip radius is rather
large(micron size). Therefore it is difficult to use the nanoin-
denter to relate the indentation test results to details of the
surface structure. An alternative is provided by the use of the
atomic force microscope(AFM) for both the surface imaging
and depth sensing. The AFM can accurately monitor loads in
the nano-Newton range while concomitantly monitoring the
indentation depth. The image resolution and sensing accu-
racy of the force and displacement by an AFM make it a
powerful technique for studying the local interaction of the
tip with the surface. This technique was recently used to test
the mechanical behavior of isolated free-standing
nano-structures6 and thin film coatings.7–9

In this letter, the mechanical properties of benzocy-
clobutene(BCB) polymer film are investigated by AFM in-
dentation. Two size effects are evidenced: one controlling the
plastic deformation, the other controlling the strain rate sen-
sitivity of the material. Modeling of the indentation process
is performed to separate and quantify the two size effects.

BCB, also known as divinylsiloxane bis(benzocy-
clobutene), is a thermoset resin derivative of cyclobutane.
When heated, the four-member ring of the BCB monomer
opens to produce a very reactive intermediate diene, which
undergoes Diels–Alder reactions with available dienophiles
sC=Cd. The multiple reactive sites(two C=C and two cy-
clobutane rings) on BCB monomer lead to the formation of a
highly cross-linked three-dimensional network with an iso-
tropic dielectric constant of 2.65. The low dielectric constant
of BCB makes it highly desirable for microelectronics appli-
cations such as the dielectric isolation of Cu and Al
multilayer interconnects deposited on Si, ceramic, or lami-
nate substrates.

The manufacturer, Dow Chemical, reports results from
mechanical testing of free-standing BCB films of thickness
larger than 0.5 mm.10 The Young’s modulus and the Pois-
son’s ratio measured at room temperature were approxi-
mately 2.9 and 0.34 GPa, respectively. The thick film exhib-
ited plastic deformation up to an engineering failure strain of
8%, a yield stress(measured in uniaxial tension) of
,40 MPa, and pronounced strain hardening. The failure
stress was 95 MPa. Most important for the present discus-
sion, the material exhibitedno measurable strain rate sensi-
tivity and no viscoelastic recovery upon loading up to and
unloading from stresses smaller than the failure stress. The
glass transition temperature was larger than 350°C.

The BCB film was prepared by a spin-on deposition
technique. BCB was originally prepared as a solution and
was dispensed onto the Si wafer surface in predetermined
amounts. The wafer was subjected to rapid spinning with a
spin speed of 3500 rpm for 20–30 s. Subsequent heating at
low temperature(200°C for ,2 h) led to solvent evapora-
tion and promoted cross-linking. High resolution AFM im-
aging s500 nm3500 nmd of the film indicated that the sur-
face rms roughness is,0.28 nm. The film thickness
measured by an ellipsometry was,1200 nm.

The nano-indentation experiment was performed with an
atomic force microscope(AutoProbe CP, Park Scientific In-
struments, TM Microscope). Triangular as well as rectangu-
lar silicon cantilevers with silicon conical tips were used in
the experiment. The spring constantsk were calibrated be-
fore the test and the values were 17 and 34 N/m.11 During
an indentation, the applied forceF is given byF=ky, where
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y is the cantilever deflection, while the indentation depthd is
obtained from the relationshipd=z−y, with z being the ex-
tension of the piezoelectric scanner tube. Hence, the instru-
ment measures independently both the indentation force and
the penetration depth. In order to correlate the force with the
indentation depth correctly, calibration was performed every
time prior to the measurement. This cantilever calibration
procedure requires taking a force versus distance measure-
ment using a hard sapphire substrate in which the tip does
not penetratesd=0d. At first, a 2mm32 mm AFM image
was taken. Then the rastering of the scanner was stopped, the
AFM was turned to contact mode, and the indentation was
performed. Due to the variability in material properties, the
force versus indentation depth curves taken at different loca-
tions differ and averaging is required. In our experiment,
clean samples were used in ambient for which the thickness
of the water layer was estimated to be,0.2 nm.12 The
0.2 nm is much smaller than the indentation depth and its
effect on the force versus depth may be ignored. The radius
of curvatureR of the tip was characterized by imaging a tip
characterizer.13 The tip radius is 20 nm with a semiapical
angle of 12° for the 17 N/m cantilever and the tip radius is
380 nm with a semiapical angle of 17° for the 34 N/m can-
tilever. The tip was characterized before and after an inden-
tation. The indentation rate was set from 5 to 500 nm/s in
separate experiments for both types of cantilevers. In order to
minimize the measurement noise due to the tip damage, each
indentation was performed with a different tip.

The results of the tests are presented next. Typical force
versus indentation depth curves are shown in Figs. 1(a) and
1(b) and for two indenter radii, 20 and 380 nm, respectively.
The indentation velocity in these tests was 500 nm/s during
both loading and unloading. Qualitative differences are ob-
served in these two cases. The indentation with the sharp tip
leads to a pronounced plastic deformation during the loading.
The maximum force is on the order of 700 nN. Indentation
with the blunter tip leads to very little plastic deformation

although the maximum force is about 4mN. Due to the high
indentation velocity, we conjecture that the effect of time-
dependent processes in controlling these two curves is mini-
mal. Hence, the elastic–plastic rate-independent response of
the material is measured in these tests.

To gain insight into the result, the indentation was mod-
eled using two-dimensional axisymmetric finite elements.
The conical tip was modeled with exactly the same geometry
as used in the experiment: semiapical angle 12° andR
=20 nm for the 17 N/m tip; semiapical angle 17° andR
=380 nm for the 34 N/m tip. A spring was attached to the tip
and the speed/displacement of its top end was controlled to
mimic the experimental conditions, i.e., thez movement of
the scanner. The spring represents the cantilever and its stiff-
ness was set accordingly. The mesh was refined until the
mesh sensitivity was eliminated.

The material constitutive behavior in these simulations
was defined based on results from the macroscopic tensile
tests of free standing(thick) films described earlier.10 The
simulated force-indentation depth curves for the two cases
are shown as continuous curves in Fig. 1. The indentation
curve obtained with the blunt indenter is predicted closely
using the material properties measured at the large scale.
However, the simulated indentation curve obtained with the
sharp indenter is far from the experimental result. As ex-
pected, size effects of both yield stress and hardening behav-
ior are observed. The material appears to be stronger when
tested at the small scale.

The effect of the indentation rate on the force-
indentation depth curves was studied next. Figure 2 shows
typical curves obtained at indentation velocities ranging from
5 to 500 nm/s(for both loading and unloading). Interest-
ingly, a pronounced rate effect is observed in both cases. As
the rate decreases, the curves appear to shift toward larger
total displacements. We note that the slight shift of the maxi-
mum of each set of curves to higher displacements and to

FIG. 1. Typical force vs indentation
depth curves for a BCB film.(a) Tip
radiusR=20 nm. (b) R=380 nm. The
experimental data points are solid dots
and the finite element modeling results
are solid curves. The model uses the
constitutive law measured at the mac-
roscopic scale.

FIG. 2. Measured force vs indentation
depth data for a BCB film collected
under various indentation rates rang-
ing from 5 to 500 nm/s.(a) Tip radius
R=20 nm. (b) R=380 nm. The solid
curve is the fit using a standard linear
viscoelastic model for the unloading
portion of the experimental curve for
an indentation rate of 5 nm/s.
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lower loads is characteristic for a test that is neither exactly
load nor displacement controlled.

This observation is in contrast with that made at larger
scales according to which the material response is rate
insensitive.10 This defines another size effect: when a mate-
rial is probed at the nanoscale, the rate sensitivity of this
material increases. Reports that underline a similar effect on
rate sensitivity are by Schweigeret al.14 and Torreet al.15

Schweigeret al.14 observed that the rate sensitivity in nano-
crystalline Ni is significantly larger than that in micro-
crystalline and untrafine crystalline Ni. They attribute the
effect to the larger volume fraction of grain boundary-
affected material in the nano-crystalline sample. The physi-
cal origin of the enhanced rate sensitivity in our samples is
unclear at present, but since BCB is amorphous, it must be
fundamentally different than that leading to the effect seen in
Ni. We note that the 0.2-nm-thick water layer present on the
surface of the specimen should not lead to the observed
strain rate sensitivity due to its much smaller viscosity com-
pared to that of the sample(liquid versus solid).

To quantify the rate dependence, we focus on the un-
loading part of the curves. The unloading is considered to be
viscoelastic in nature. Specifically, we focus on the curves in
Fig. 2(b) sR=380 nmd for which the size effect on the plastic
component of the deformation is limited. The unloading por-
tion of the experimental curve for 5 nm/s indentation rate is
fitted with the solution for indentation with a rigid spherical
punch of radiusR into a viscoelastic body characterized by a
standard linear model(a spring in series with a Kelvin
unit).16 The fit matches the experimental data well and is
shown as the solid line in Fig. 2(b). The forcesFd versus
indentation depthsdd is given by

Fstd
4ÎRE

=
d3/2

a + 1FE0

t1/t

s1 + a exps− s1 − jdt/tddj1/2dj

−E
t1/t

1

s1 + a exps− s1 − jdt/tdds2t1/t − jd1/2djG ,

whereE=2.9 GPa is the macroscopically measured Young’s
modulus,t1 is the time at which unloading begins, anda and
t are material parameters. The fitting returns the relaxation
time constantt to be 0.2 s and the nondimensional internal
parametera=7. The time constant of the macroscopic mate-
rial is virtually infinite, as no rate sensitivity was observed at
that scale.

Further support for the observation of finite rate sensi-
tivity is provided by the images in Fig. 3 in which healing of
indents is seen. Three indents were made with the 17 N/m

cantilever and the tip radius of 20 nm. The image size is
2 mm32 mm. The forces applied were 270, 450, and
800 nN on locations 1, 2, and 3, respectively. The image in
Fig. 3(a) was taken right after the indents were made, while
that in Fig. 3(b) was taken 45 h later. Line scans across the
indents were performed and the indent depths measured im-
mediately after the test were,10, ,16, and,29 nm, re-
spectively. After 45 h, the respective depths decreased to
,4, ,10, and,8 nm showing clearly that viscoelastic re-
covery took place.

In conclusion, results of AFM indentation tests with both
a sharp tipsR=20 nmd and a blunt tipsR=380 nmd of a BCB
film are reported. The material was found to exhibit size
effects of the yield stress and strain hardening. Furthermore,
the material exhibited pronounced rate sensitivity, as ob-
served in tests performed with indentation rates between 5
and 500 nm/s. At the macroscopic scale the material exhibits
no measurable rate sensitivity. This demonstrates an unex-
pected size effect on rate sensitivity in addition to the ex-
pected size effect on the yield stress and strain hardening.
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FIG. 3. AFM images of the healing of
indents in a BCB film. The size of
each image is 2mm32 mm. (a) Im-
age taken right after indentations. The
forces applied on locations 1, 2, and 3
are 270, 450, and 800 nN, respec-
tively. (b) Image taken 45 h after
indentations.
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