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Abstract

Measurement of the mechanical properties of nanoscale polymeric films is important for the fabrication and design of nanoscale layered
materials. Nanoindentation was used to study the viscoelastic deformation of low modulus, ultrathin polymeric films with thicknesses of 47, 125
and 3000 nm on a high modulus substrate. The nominal reduced contact modulus increases with the indentation load and penetration depth due to
the effect of substrate, which is quantitatively in agreement with an elastic contact model. The flow of the nanoscale films subjected to constant
indentation loads is shear-thinning and can be described by a linear relation between the indentation depth and time with the stress exponent of 1/2.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Ultrathin films of polymeric materials have a number of
applications, including scratch-resisting coatings, protective
barriers, optical filters, and layered constructions. As examples,
a scratch-resistant lens coating can improve the longevity of
plastic eyeglass lenses, and multilayered nanoscale coatings
with unique optical properties can be constructed to improve
optical performance. In other applications, semi-permeable
ultrathin layers can be used to protect surfaces from water or
oxygen. In each of the applications, the physical properties of
ultrathin layers, individually or in layered constructions, are
difficult to determine by conventional methods such as tensile
and compression tests. Similar difficulties exist in measuring
the mechanical properties of quasi-one dimensional nanoscale
materials such as nanotubes [1-3], nanobelts for micro-
optoelectronic and biomedical applications [3—5] and nano-
films [6,7]. As more applications are developed for submicron
polymeric structures, there will be a greater need for direct
measurements of physical properties as materials have been
applied, fabricated or polymerized in place.

Studies of ultrathin polymeric films suggest that unusual
properties, for example, the lower glassy—rubbery transition
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temperature (7) at near surfaces [8], are often the result of the
large volume fraction of interfacial regions [9] that constitute
significant portions of the material at ultrathin scales.
Measurement of mechanical properties on and near polymer
surfaces is likely to provide improved understanding of these
unique behaviors and to improved control of the fabrication
and polymerization processes of multilayer materials. In
principle, there are two basic approaches for assessing
viscoelastic properties of polymer surfaces; (a) contact
mechanics [10,11] and (b) surface relaxation [12,13]. How-
ever, most measurements reported in literature were done on
thin polymeric films with thickness more than several microns
[14-16]. There are few studies of the mechanical properties of
nanoscale polymeric films that include the effects of substrates,
and the effects of multilayered films. In this work, we report
nanoindentation studies of nanoscale polymeric films of
different thicknesses (47, 125 and 3000 nm).

2. Experimental

The nanoscale polymeric films were spin-coated on silicon
wafers at 1000 rpm using a spin coater (Optical Dynamic
Corporation, Louisville, KY). The solution consisted of
dipentaerythritol pentaacrylate from Sartomer SR399 (CAS#
60506-81-2) and 5 wt% photoinitiator 1-hydroxy-cyclohexyl-
phenyl-ketone (Ciba-Geigy 184, CAS# 947-19-3), that
were dissolved in equal weights of acetone and isopropanol
co-solvents. The free radical reaction was initiated by
dissociation of the photoinitiator molecules under UV
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radiation. The resulting densely cross-linked polymers exhibit
good mechanical strength, thermal stability and resistance to
solvent absorption, and are ideally suited as surface protective
coatings and dental restorative materials [17]. SR399 is a
penta-functional acrylate monomer, one of the highest
functional acrylate monomers commercially available, and
thus was chosen as a model monomer for this study. The
thickness and surface quality of the ultrathin polymeric thin
films were controlled by the solute concentration and spin
speed [18,19].

All of the films were cured for 90 s in the presence of CO,
under UV light from a germicidal lamp having an intensity of
4 mW/cm? at 5cm distance. The polymerization degree or
[C=C] conversion rate was monitored by Fourier transform
infrared spectroscopy (FTIR) at 64 scans and resolution 4 cm ™~
' with Mattson Galaxy Series 3000 (Madison, WI). The
thicknesses of the spin-coated polymer thin films were
measured by a profilometer from Ambios Technology XP-1
(Santa Cruz, CA). The surface roughness of the polymeric
films was determined using the tapping mode on Digital
Instruments MMAFM-2 (Woodbury, NY).

The nanoindentation tests are performed in a Hysitron
TriboScope (Minneapolis, MN) attached to a Quesant (Agoura
Hills, CA) atomic force microscope (AFM). A diamond
NorthStar cubic indenter with a nominal tip radius of 40 nm
(Minneapolis, MN) is used. The penetration depth and applied
load are used to compute the modulus of the films.

3. Results and discussion

The molecular structure of the SR399 monomer is shown in
Fig. 1, and the FTIR spectra of the polymeric films before and
after curing are depicted in Fig. 2. For comparison, the peaks at
809 cm ™! have been normalized in scale to the ketone peak at
1726 cm ™~ '. The extent of the reduced IR absorption of the
acrylic double bond [C=C] at 809 cm~ ! was related to the
amount of polymerization [20]. The polymerization degree of
this type of high functional monomer [21] was thus measured
to be 76, 83 and 82% for the films of 47, 125 and 3000 nm
films, respectively, which suggests that the three films were
chemically similar and they were ready for mechanical
comparison. The degree of polymerization is well above that
needed for gelation.

The deviation of surface height from the mean plane, R, (the
arithmetic average of the absolute values), were 0.281, 0.233
and 0.250 nm for thin films of 47, 125 and 3000 nm,
respectively. A typical topography of the 47 nm film is
shown in Fig. 3. In general, the minimum indentation depth
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Fig. 1. Molecular structure of SR399 monomer.
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Fig. 2. The FTIR spectra of the films with different thicknesses; (a) before
curing, (b) the absorbance of the 47 nm after curing, (c) the absorbance of the
125 nm after curing, and (d) the absorbance of the 3000 nm films after curing.

All spectra were normalized to the peak of ketone at 1726 cm™'. The

absorbance of acrylic double bond at 809 cm ™.

should be 20 times of R, in order to restrict the uncertainty in
contact area between the tip and the film to within 5% error
[22]. Thus the minimum indentation depth required to
eliminate the effect of surface roughness is about 5 nm. The
smallest indentation depth in all the indentation tests was then
controlled at about 5 nm.

The nanoindentation tests were carried out using the load
control mode with the indentation load in the range of 0.8—
100 pN. The loading rate and unloading rate were in the range
of 0.16-20 uN/s. To eliminate the effect of viscoelastic
deformation on the measurement of the nominal reduced
contact modulus, the methodology ‘held-at-peak-load’ [23,24]
was used. The results were averaged over more than five
indentations for each testing conditions. Using the Oliver and
Pharr theory [25], the reduced contact modulus, E,, was
calculated from the upper portion of the unloading curve as

JT dF

E=2Y__"_
"2JA do

(D
Here, A is the contact area between the film and the indenter,

F is the peak indentation load, ¢ is the indentation depth,
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Fig. 3. AFM image of the surface of the 47 nm film.
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Fig. 4. Dependence of the reduced contact modulus on the indentation load.

and dF/d¢ is the tangent to the upper portion of the unloading
curve. No sink-in or pile-up effect was taken into account in the
calculation.

Fig. 4 shows the dependence of the reduced contact
modulus on the indentation load for the indentations on all
three films with a holding time of 2 s. From these we see that
the polymeric film of 3000 nm behaves as a bulk material
relative to the films of 47 and 125 nm, and the reduced contact
modulus of the 3000 nm film is 4.86 +-0.32 GPa, independent
of the indentation load. For the indentation load less than or
equal to 1 pN, the reduced contact modulus are 5.62+ 1.52 and
4.78+1.60 GPa for the 47 and 125 nm films, respectively,
compatible to that of the 3000 nm film. No scaling effect is
observed on the behavior of surface elasticity for the nanoscale
polymeric films. The measured mechanical property is
consistent with the degree of polymerization monitored by
the FTIR.

Fig. 5 shows the dependence of the reduced contact modulus
on the indentation depth (6) for the indentations on all three
films with a holding time of 2 s, in which 4 is the film thickness.
The reduced contact moduli for both the 47 and 125 nm films
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Fig. 5. Dependence of the reduced contact modulus on the indentation depth.
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start to increase with the increase of the indentation depth when
the indentation depth is more than 10% of the film thickness.
This is due to the effect of the substrate. For the nanoscale
polymeric films deposited on silicon wafers, the Young’s
modulus of silicon wafers is 176 GPa [26] about 37 times more
than the Young’s moduli of the films. Thus, the silicon
substrate can be treated as a rigid substrate as compared to the
polymeric films. These results support the published suggestion
for indentation tests [22]—that the effect of substrate on the
reduced contact modulus is negligible when the indentation
depth is less than 10% of the film thickness. The reduced
contact modulus is constant for an indentation depth less than
10% of the film thickness.

For the reduced contact moduli at the indentation depth over
10% of the film thickness when the substrate effect starts, we
can fit the experiment data using the analytical model [27]. We
approximate the cubic indenter as a conical indenter with a half
included angle of 42.28° (to have the same depth to area as the
cubic indenter), and assume that the polymeric films are
incompressible and the contacts over the interface between the
indenter and the film and that between the film and substrate
are non-slip. Considering the corrected factor of 4 for non-slip
contacts over both the contact interfaces for the indentation of
thin films using the flat-ended indenter [28] and using the
indentation load-depth relationship for the indentation of
incompressible thin films with frictionless contact between
the indenter and the film and the non-slip contact between the
film and the substrate [27], we obtain

5. 4 5
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Assuming that Eq. (1) can be applied to the indentation of
thin films and using the relation a=3¢ tan §/2 for the
indentation of thin films [27], one can calculate the nominal
reduced contact modulus, E,, as

g 13 F» <7m tan40)2/5

"4 and\ 5K ®)
where a is the contact radius, 6 the half included angle, and u
the shear modulus of the film. Assuming that the polymer is
incompressible, v, is 0.5. For the diamond tip, E; is 1141 GPa
and v; is 0.07. Using the reduced contact modulus for F <1 uN
and the following equations,

1 1= 11—
— =g h (4)
Er Es Ei
E,
=5 5
k=20 +m) )

we obtain u=1.22 GPa. Here E and E; are the modulus of the
film and the modulus of the tip respectively, and vs and v; are
the Poisson ratios of the film and the tip respectively.

Using u=1.22 GPa, the normal reduced contact modulus as
calculated from Eq. (3) for larger indentation loads is also
depicted in Fig. 4. Obviously, Eq. (3) gives the same trend as
observed in the tests, although the calculated contact modulus
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Fig. 6. Effect of the holding time on the reduced contact modulus for the
indentations on the polymeric film of 125 nm with the maximum indentation
load of 1 uN.

is about two times less than the experimental results. This is
due to the use of the contact radius, a=34 tan /2, in the
derivation of Eq. (3). It is known that Eq. (1) is only valid for
the indentation of an elastic half-space. Thus, the experimental
data overestimate the nominal reduced contact modulus for the
indentation of thin films at the indentation depth over 10% of
the film thickness. To consider the effect of contact area on the
experimental data, one needs to use the relation between
the contact radius and the indentation depth, a=2¢ tan 6/, for
the indentation of an elastic half-space by a conical indenter
[29]. Using the same procedure in deriving Eq. (3), one obtains

.3 451 P tan*6 "
Erz—n _ 45t <7't,u an ) ©)

E
47" 16 tand 5hn3

in which E, is the normal reduced contact modulus using the
contact area for the indentation of an elastic half-space by a
conical indenter. For comparison, E, is also plotted in Fig. 4.
Obviously, the experimental results support Eq. (6).

In general, the deformation behavior of polymers is
viscoelastic. It is expected that there exists viscous flow during
the indentation when subjected to a constant indentation load.
To evaluate the effect of viscous flow on the unloading
behavior, indentation tests were performed at a constant
indentation load with different holding times between the end
of the loading phase and the start of the unloading phase. Fig. 6
shows the dependence of the reduced contact modulus on the
holding time for the indentations over the polymeric film of
125 nm with the maximum indentation load of 1 uN. The
reduced contact modulus obtained from the unloading curves
decreases with the holding time and converges to a relatively
constant value of 4.78 GPa for holding times greater than 2 s.
This is due to the effect of overshoot caused by the viscous flow
and the inertial motion of the indenter—similar to the ‘bulge’
phenomenon observed in the indentation tests without holding
time at smaller unloading rate [24] and verified by numerical
simulation [30]. Thus, to avoid the error in the measurement
of the reduced contact modulus due to the inertial force at
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the moment of unloading, the indenter needs to be held at the
constant indentation load for a certain amount of time in order
to eliminate the dynamic effect and reach the quasi-steady flow
state. It should be pointed out that the holding time to reach the
quasi-steady flow state is a function of the loading rate and the
mechanical properties of materials. For small loading rates,
the inertial force is small, and it requires less holding time for
the indentation motion to attain the quasi-steady flow state.
Similarly, stiffer films require less holding time.

Fig. 7 shows the time dependence of the indentation depth
for the indentations on the polymeric film of 125 nm at a
constant indentation load of 1 uN. The indentation depth
between the end of the loading phase and the start of the
unloading phase is a linear function of the holding time, which
is different from the relation for Newtonian fluids [31]. The
indentation velocity is independent of the indentation stress
even though the indentation stress decreases with the increase
of the indentation depth. It is expected that the flow behavior of
the thin films is shear-thinning.

Under the quasi-steady flow state, the effect of elastic
deformation on the flow behavior is negligible. The flow
behavior of the polymeric films can be described as

=)

here, v is the shear rate, 7 the shear stress, n the stress exponent,
and k a constant (for n=1, k is the viscosity). Approximating
the cubic indenter as a conic indenter and using the results
given by Hill [32] from the similarity analysis, one obtains

t
JF”dt = ad*(cot )" (8)
0

which reduces to the result for Newtonian fluids [31]. Here « is
a constant depending on k and n. Under a constant indentation
load, Eq. (7) gives the time dependence of the indentation
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Fig. 7. Time dependence of the indentation depth for the polymeric film of
125 nm at an indentation load of 1 puN.
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depth as
F"At = a(cot )* (6> — 63") 9)

here 0y is the indentation depth before applying a constant
indentation load to the indenter. When F'is constant, the change
in time should be directly proportional to the difference,
0% — 63", Since the relation between time and indentation
depth is linear as shown in Fig. 7, one obtains n=1/2. Thus, the
near-surface flow behavior of the nanoscale polymeric films
is shear-thinning.

4. Summary

In conclusion, the deformation behavior of the SR399 na-
noscale films has been evaluated using the nanoindentation
technique. The reduced contact modulus increases with the
indentation load due to the effect of substrate. The effect of
substrate on the reduced contact modulus can be described by an
elastic contact model for indentations with larger contact radius
than the film thickness. Quantitative agreement between the
model and the experimental results is obtained. No scaling effect
was observed on the behavior of surface elasticity for the
nanoscale polymeric films. The viscoelastic deformation of the
films has a significant effect on the measurement of the reduced
contact modulus due to the inertial motion of the indenter. It is
found that there exists a critical holding time where, for times
exceeding a critical holding time, the dynamic effect is
negligible. The flow behavior of the SR399 nanoscale films
subjected to constant indentation loading displays shear-thinning
characteristics and can be described by a linear relation between
the indentation depth and time with the stress exponent being 1/2.
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