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ABSTRACT: We study the leveling process of nanoindentation-induced defects on polystyrene (PS) films
(h = 100—150 nm) spin cast on silicon (Si) surfaces. Leveling occurs upon annealing above the glass
transition temperature (T) of bulk PS, resulting in a flat polymer surface. The dynamics of the process
is recorded with an AFM for PS molecular weights lower and comparable to the critical entanglement
point. Diffusivity values measured from the recorded curvature driven flow are found to be in a very
good agreement with corresponding self-diffusivity values of bulk PS.

1. Introduction

Wetting and dewetting of polymer coatings, thinner
than a sessile drop flattened by gravity,! have become
major research topics,2~5 as polymer films find extensive
applications in microelectronics, cultural heritage pro-
tection, and printing technology and are also used as
membranes, adhesives, and paints. Within this frame-
work, numerous investigations have been performed to
study the stability of these films,%7 whenever applied
onto a hard nonwettable surface.8~12 For experimental
studies, polystyrene (PS) film on silicon (Si) surface has
been extensively utilized as a typical-model bilayer
system for analogous investigations.10718 It has been
found that for films with film thickness (2) less than
100 nm dewetting occurs, upon heating above the glass
transition temperature (T) of the polymer. In thicker
films dewetting can be initiated only by, external,
surface or interfacial defects.®%161° The (de)wetting
dynamic evolution of thin films upon heating above T
has been exploited to measure and investigate thin film
properties such as density,20 viscosity,21:22 contact angle
with the substrate,?24 surface energy,?® and surface
glass transition temperature.? Following this spirit we
have measured surface diffusivity values of low molec-
ular weight (M = 10 900 g/mol) PS by recording the
leveling process of an indent induced by a probe on a
PS film on Si as a function of temperature and found to
be in relatively good agreement with the self-diffusivity
of PS.27 In the present investigation, we examine this
finding by keeping the annealing temperature constant
(110 °C) and varying the molecular weight of the tested
PS samples. Molar masses are shown in Table 1 along
with the corresponding calculated radius of gyration (Ry)
and surface tension (y) of PS.28

A nanoindentation device, used typically to measure
mechanical properties of films, was utilized to induce
surface disturbances on PS films (2 > 100 nm) on Si at
room temperature. The residual depth of penetration
(zp) was lower than the film thickness (zp < k). For thin
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Table 1. PS Properties: Radius of Gyration, R, and
Surface Tension, y, at 110 °C?8

M, (g/mol) M /M, R, (nm) y (mN/m)
13 700 1.06 3.3 33.8
18 700 1.07 3.8 33.9
29 300 1.09 4.7 34.0
44 000 1.08 5.8 34.1

(h <100 nm) films, these kind of defects can either grow
toward the substrate and initiate dewetting or can heal
level, resulting in a flat surface, upon heating above
T8 In the present study all indents healed. The
leveling evolution was monitored using an atomic force
microscope (AFM).

In the following we first describe the materials and
the experimental setup. We then provide a short de-
scription of the topographical changes that occur during
an indent healing process. Considerations associated
with the interactions that might contribute to this
leveling process are then discussed. Curvature mea-
surements in the thin regions (indents) are presented
followed by diffusivity measurements. Finally, the ef-
fects (i) of the nanoindentation induced residual stresses
and (ii) of the shear strain rate on the diffusivity
measurements are evaluated.

2. Experimental Section

Monodisperse PS with various molecular weights (Aldrich
Chemical Co., Milwaukee, WI) shown in Table 1, was dissolved
in spectroscopic grade toluene. Solutions of 5 wt % were
applied onto 50 mm diameter silicon wafers (Virginia Semi-
conductor, Fredericksburg, VA) by spin-coating in a clean room
of class 100. Samples were then dried in a vacuum chamber
at 90 °C < Ty (=93 °C for My, = 13700 g/mol) overnight.
Ellipsometry was used to measure the thicknesses of the
resulting films and found to be in the range 100—150 nm,
depending on the molecular weight and spinning rate. The
[1000oriented Si wafers were used as they were received by
the supplier and contained a 1.7 nm thick native oxide layer.
The resulting polymer films are expected to be unentangled
(for PS M. = 38 000 g/mol), except for the samples produced
by the 44 000 g/mol PS, which however does not differ
substantially from the critical entanglement point.?°

Nanoindents, with penetration depths lower than the film
thicknesses, were imposed on the samples using a nanoinden-
tation Hysitron Triboscope (Hysitron Inc., Minneapolis, MN)
mounted with a standard three-sided pyramid (Berkovich)
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Figure 1. (a) Force—displacement curve of nanoindentation
and (b) corresponding enlargement at point A showing the
negative adhesive force developed between the indenter probe
and a PS film.

diamond tip of nominal radius of curvature 300 nm. The
nanoindentation device adapts to an AFM which utilizes a
Hysitron microsensor system instead of the standard AFM
head component for applying loads electrostatically. The
Hysitron Triboscope is a load controlled instrument. The loads
required to induce shallow indents, with depths of penetration
lower than the film thicknesses, were determined by prelimi-
nary experiments at which a series of nanoindentations were
induced under different loads and imaged by AFM to measure
the residual depths. The load range, finally used, was deter-
mined to be 230—270 uN. Deep indents, visible with an optical
microscope, imposed under high forces (11 mN) served as
markers to locate the indentation area and position the AFM
tip at the vicinity of the shallow indents. Imaging was
performed using a Nanoscope III SPM (Digital Instruments,
Santa Barbara, CA) operated in the contact mode and mounted
with a standard silicon nitride probe. Forces in the range of
1-10 nN were applied from the 200 um cantilever to the
polymer surface. Repeated scanning of the same surface area
showed no alteration of the recorded topography due to the
applied scanning force.

The dynamics of the healing—leveling process of the imposed
indents upon heating at 110 °C > T, was recorded by AFM,
following a cyclic procedure of heating at 110 °C and then
quenching at room temperature and imaging. The evolution
of each indent was monitored, for several anneal—quench
cycles, before resulting in a flat surface identical to the rest of
the free polymer surface. For all image acquisitions the same
AFM probe was used.

3. Results and Discussion

Leveling Process. Figure 1a shows a typical force—
displacement (depth of penetration) curve obtained by
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Figure 2. AFM images and corresponding cross sections
showing the leveling process of a nanoindent, induced by a
Berkovich tip, upon annealing for (a) 2.13, (b) 6.38, (¢) 11.13,
(d) 21, and (e) 33.25 min, at 110 °C. Point D corresponds to
the maximum indent depth, defined as zp. The molecular
weight of the PS film was M, = 18 700 g/mol.

a Hysitron triboscope, and Figure 1b is a magnification
of the vicinity of point A at which the indenter tip
withdraws from the sample. A negative force, shown in
Figure 1b, corresponds to an adhesive, “pull-off” force
between the diamond tip and the film. The presence of
such force is indicative for soft, polymeric samples and
suggests that the accurate measurement of the residual
depth of penetration cannot be performed using load—
displacement curves but requires imaging of the re-
sidual indent. Indentations, such as the one shown in
Figure 1, resulted in indents with triangular top view
shapes because of the three-sided pyramid (Berkovich)
tip which was used for the nanoindentation tests.?”
Upon heating above T, an indent evolves to circular.
This (leveling) process is shown in Figure 2. The vertices
and the sides of the initial triangle become round as the
indent “expands” laterally, resulting gradually in a flat
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Figure 3. Indent depth, zp, and maximum rim height, zg,
normalized to their respective values at ¢ = 0 as a function of
annealing time for PS with M,, = 18 700 g/mol.

surface, similar to the rest of the free polymer surface.3?
This evolution is accompanied by an increase of the
surrounding rim width and indent diameter and an
apparent decrease of the rim height and indent depth.27

Interactions Affecting the Leveling Process.
From all the topographical changes occur during the
healing—leveling process, described above, we focus in
this study in the upward motion of the indent bottom,
defined as point D in Figure 2. This motion is driven
and can be affected by the following: (i) the mean
curvature of the hole at the vicinity of point D, (ii) the
relaxation of the surrounding rim, (iii) the van der
Waals (VDW) interaction developed between the film
and the substrate, (iv) the geometrical restrictions
imposed by the small film thickness, and (v) the residual
stress field induced by nanoindentation. Finally, one
should evaluate also possible effects of shear rate on the
leveling process, considering that the latter is recorded
at a low temperature (110 °C) which is close to the T
of bulk PS. The mean curvature effect is essentially the
topic of this article and will be investigated in detail
later. We will describe the dynamics of the hole healing
process as a curvature driven flow. For a number of
reasons that are provided below, the initial stages of
the leveling process were not taken into account. In
particular, diffusivity measurements were based on
AFM images obtained after annealing the samples at
110 °C for more than ~190 s. Images at the early
annealing stages (annealing time <190 s) were not used
to interpret the leveling process of the induced nanoin-
dents. The rim relaxation process is faster than the hole
healing process;° i.e., the relaxation of a surface
perturbation is faster in thick than in thin regions.31:32
This is shown in Figure 3 where the indent depth, zp,
normalized to its respective value at ¢t = 0, [zpl;=0, and
the normalized maximum rim height, zg/[zrl;—0, are
plotted as a function of annealing time. The rim height
decreases very fast to a very small value, close to zero,
compared to the hole depth. Consequently, any effect
of the rim relaxation on the upward motion of the hole
bottom should be important at the initial stages of the
leveling process. We note here that this abrupt decrease
of the rim height at short annealing times might be
affected by the lateral shape change (from triangular
to circular) of the indent. Thin PS films (<100 nm)
spontaneously dewett from Si surfaces because of the
dominant unfavorable VDW interactions developed
between the two materials. As the films used in this
study are relatively thick (>100 nm) spontaneous de-
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Figure 4. Curvature of indent bottom, Hp, vs indent depth,
zp. Data correspond to eight indents.

wetting does not occur. However, VDW forces developed
at the indent bottom might be important (but not
dominant as indents level) because of the local thinning
of the film. If the latter is true, VDW should be
important at the initial stages when the separation
distance between the hole bottom and the substrate is
minimum.?? Although chain sizes (Table 1) are substan-
tially lower than film thicknesses (100—150 nm) geo-
metrical restrictions might play a role at the vicinity of
the hole bottom where the local film thickness is initially
and prior to thermal treatment on the order of 10—30
nm. As an indent heals, however, and the local film
thinning is relieved, any effect rising from the restricted
thickness should be diminished. The effects of the
residual stresses and shear strain rate on the leveling
process are evaluated later, after diffusivity measure-
ments.

Curvature Measurements. The dynamics of eight
total indents were recorded for the PS films of Table 1
(two indents for each molecular weight). Indent depths,
zp, were measured directly from AFM cross sections.
The latter were also used to calculate mean curvatures,
Hp, at the indent bottoms. The results are presented in
Figure 4. Curvature calculations were based on the
definition of the mean local curvature of a surface at a

point D:
_ Y1
Hyp = 2(R1

1

+§) (1)

where R; is the minimal and Ry the maximal value of
the curvature R of a section normal to the surface at
point D. In 2 dimensions, the curvature of a curve y =
flx) at a given point (xp,yp) is defined as

1 If'"" ()l

= =—0 2
R|(xmyn) [1+ () 2)
By fitting the indent bottom cross section with a f(x)
fourth-order polynomial function, Hp was calculated
using eqs 1 and 2. We note here that Hp is the mean
local curvature at point D, and it is higher than the
curvature of any other point of the indent. Also, point
D is the only indent surface point that performs a
motion in one, perpendicular to the substrate, direction
during the leveling process. All the other points of the
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Figure 5. Absolute value of the healing rate |dzp/d¢| vs
curvature gradient in the vertical direction at point D, dHp/
dz. Linear fits are shown.

free surface of the indent exhibit along with the per-
pendicular a lateral motion resulting from the lateral
“expansion” of the indent upon leveling (Figure 2).

Diffusivity Measurements. The indent leveling
process can be interpreted in terms of a diffusion
process. Using the zp and Hp available data, the healing
rate dzp/d¢ and the curvature gradient in the vertical
direction dHp/dz, at point D, were calculated. The
results for four indents are presented in Figure 5.36 It
can be observed that linear relations can fit the data
quite satisfactory. The slopes of these fits can be used
to measure diffusivity values according to the following
analysis.2” For isotropic materials, the chemical poten-
tial, 4, depends on the curvature by the Gibbs—Thomson
relation?7

oLl L
u= Qy(Rl + Rz) (3)

where Q and y are the molecular volume and the surface
tension, respectively. The molecular volume can be
estimated, in our case, as the volume occupied by a coil:

Q=R @

where R, is the radius of gyration of the PS molecules.

The drift velocity along the z-direction, u,, of surface
molecules is given by the Einstein—Nernst relation?”

D, 3
__Dsou
Y= " T % 5)

where Dg is the surface diffusivity, £ the Boltzmann
constant, and T the absolute temperature. The velocity
is defined as follows:

dz

T a (6)

u

By combining eqs 3—6 and using the definition of Hp
given in eq 1, the motion of point D can be described by
the following relation:

dzp  8aDyR,’ oH,
"dt 3kT oz

(7

Using the slopes calculated from the linear fits of Figure
5, the values of y and R, as they are given in Table 1,
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Figure 6. Surface diffusivity, Ds (cm?%s), measured by the
leveling process of thin films and self-diffusivity, D (cm%s), of
bulk PS?®39 vs molecular weight, M, (g/mol). Points A(1) and
A(2) were obtained in another study.?” Linear fits, with slopes
—4 and —4.5 for the thin PS films and the bulk PS, respec-
tively, are shown.

k=138 x 10728 J/K and T = 383.15 K (=110 °C)
diffusivity values were obtained and are presented in
Figure 6. In the same plot, PS surface diffusivity values
for My, = 10900 g/mol (M/M, = 1.02), measured
similarly to the above analysis, in another study?’ for a
120 nm thick film, are presented and indicated as points
A(1) and A(2). For comparison, we also present the self-
diffusivity, D, of bulk PS measured by Lodge et al.3839
In this case measurements were performed by Forced
Rayleigh scattering after labeling PS molecules with a
photoisomerizable dye molecule. In both cases, surface
film diffusivity and bulk self-diffusivity logarithmic
values are presented, and the corresponding linear fits
are shown. The slopes of the linear fits are —4 and —4.5
for thin film and bulk PS, respectively.

On the basis of Figure 6, the following observations
can be made: (i) A relatively good agreement is obtained
between the diffusivities measured by the indent heal-
ing process and the self-diffusivity of PS. To establish
this conclusion, we further compare our results with the
self-diffusion coefficient of bulk PS (1900 g/mol) reported
by Ediger et al.*? At the temperature of interest (110
°C) the self-diffusivity, D, found to be approximately 3.2
x 10711 em?/s (log D — 10.5).%0 For illustrative purposes
this point is not shown in Figure 6 because it corre-
sponds to a very low molecular weight. From the linear
curve fit of our data we calculate that for the same molar
mass Dy = 2.5 x 10711 ecm?%/s (log Ds = —10.6), which is
in excellent agreement with the value of D. Conse-
quently, an indent healing process can be interpreted
as a diffusion process, described by a diffusion coefficient
close to the self-diffusivity of the polymer. Taking this
argument in a reverse way, it can be stated that
dynamic properties of thin films can be measured by
monitoring the leveling process of a well-characterized
surface disturbance. (ii) An augmented deviation from
the Rouse model (D ~ M~1) has been recorded in our
measurements, similar to the data obtained by Lodge.
This deviation rises mainly because of the glass transi-
tion temperature variation occurring in the investigated
molecular weight range. If we adjust T, variations, a
relation closer to the Rouse dynamics can be obtained,
as shown below. For the bulk PS data shown in Figure
6 the constants C§ and C§ of the Williams—Landel—
Ferry (WLF) equation have been reported, along with
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Table 2. Properties of Bulk PS38
M (g/mol)  C:# Cy¥ Ty (°C) D (cm?/s) R, (nm)

13 000 12.80 83.22 92.6 3.389 x 10717 3.3
25 000 11.67 52.73 99.1 2.957 x 10718 4.5

@ Radii of gyration were calculated as in Table 1.28

the corresponding diffusivity D, values at T, according
to Table 2.38 The WLF equation is

log(DTg) _ CYT-T)
DT| Ci+(T-T)

€))

Using eq 8 and the data of Table 2, diffusivity values
at T = Ty + 10 °C are found to be 8.220 x 10716 and
2.202 x 10716 cm?%s for 13 000 and 25000 g/mol,
respectively. If we plot these values with respect to
molecular weight, we find that D ~ M2, This result
approaches the expected Rouse dynamics, and it is
almost identical with the corresponding relation re-
ported for the self-diffusion coefficient of polyethylene.*!
A similar result is apparently obtained if we treat the
data for the thin PS films in the same way. Other effects
that should be considered as influencing parameters on
the recorded dynamics are the molecular weight depen-
dence of the monomeric friction factor, ¢y, as well as
chain-end effects, augmented due to the short length of
the chains. In addition to the above, which are known
for bulk polymers, the interactions described previously
as potential influencing parameters of the healing
process of the PS films might also have a minor
contribution to the observed deviation from the Rouse
model. However, as it has been argued, these interac-
tions should not be dominant after continuous heating
above T,. Attempts to evaluate the effects of the residual
stresses and shear rate on the leveling process are
discussed next.

Effect of Residual Stresses. Surface disturbances
(indents) studied in this investigation were imposed by
nanoindentation. Consequently, a stress field around a
residual indent should be present. Continuous heating
at temperatures above the T; results in the relaxation
of these stresses. At 110 °C, residual stresses induced
on the films of low molecular weight PS are lower than
the Laplace pressure, developed because of the indent
curvature, as it has been discussed in a previous study.3?
However, because indents were induced at room tem-
perature, it is necessary to estimate the characteristic
(longest) relaxation time, 71, and compare it with the
time scale of the recorded leveling process, considering
that the data used for diffusivity measurements were
obtained after annealing the samples at 110 °C for ~190
s. For short polymer chains (M < M.) the characteristic
relaxation time, 71, varies as*?

M*1,%¢,
[ Ry ©)
6LTM 7"

where M) is the molecular weight of the repeat unit with
length . The self-diffusivity is given by

ETM,
D ey
ME,

(10)

The radius of gyration can be expressed in terms of [
as follows:
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M
Rg:lo 6_]‘40 (11)

Using eqs 10 and 11, eq 9 can be rewritten to provide
71 as a function of the self-diffusivity and the radius of
gyration:

2
_Rg

=— 12
R (12)

51

By taking D values for bulk PS as they are shown in
Figure 6 (D = 5.80 x 10715 and 3.04 x 10716 cm?/s) and
R values given in Table 2, 71 is found to be 1.9 and 67.5
s for 13 000 and 25 000 g/mol, respectively, shorter than
the annealing period of 190 s, before which the received
data (curvature measurements by AFM) were not used
for diffusivity calculations. Using now diffusivities, D,
determined by the leveling of the films and R, given in
Table 1, the longest relaxation times are calculated to
be <60 s for all molecular weights, except for the highest
one (M, = 44 000 g/mol), for which 7; is found to be on
the order of 300 s = 5 min (>190 s). We note here that
in this case the leveling process was completed in ~90
min. Therefore, the majority of the data points were
obtained after substantial annealing at 110 °C, upon
which mechanical stresses should have been relaxed,
except from one (the first) data point obtained after
~190 s of heating. This particular point, however, did
not affect the resulting D values, as it was verified upon
extracting this point from our calculations.

Effect of Shear Strain Rate. In this paragraph we
discuss possible shear strain rate effects on the diffu-
sivities measured in this study. Shear rate effects can
be evaluated by estimating the following dimensionless
parameter, [3:22

(13)

where 779 and p are the zero shear viscosity and the
density of the material respectively, y is the shear strain
rate, and R is the gas constant. If § < 10, then shear
rate effects can be considered as negligible. For unen-
tangled polymers, the zero shear rate viscosity is given
by*2

LM, ply”
to = Doteshly T (14)
36M,

By combining eqs 10, 11, 13, and 14, parameter 3 can
be expressed as a function of diffusivity:

MR
B 6DM (15)
In the following we first calculate the parameter  for
the high molecular weight PS (M, = 44 000 g/mol), for
which shear rate effects should be pronounced, com-
pared to the smaller PS molecules. For the calculations
we consider the lowest diffusivity determined for this
molecular size, Ds = 1.06 x 10716 ¢m?/s, according to
Figure 6, because this will result to the highest value
of f. The radius of gyration is taken as Ry = 5.8 nm
according to Table 1. The shear rate, y, of the leveling
process can be estimated as 7 = d(tan 6)/d¢, where 6 is
the angle defined as tan 6 = 2zp/d. Here, d is the indent
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diameter at the level of the initially unperturbed PS
surface (z = 0, of Figure 2) and zp is the indent depth.
Having zp and d from the AFM images as a function of
time, the shear rate is found to be on the order of 0.006
s L, resulting in = 3.4. Following the same approach,
we calculated that for My, = 29 300 g/mol S is on the
order 2.5, while for lower My, f < 1. In all cases < 10,
resulting in the conclusion that shear strain rate effects
do not have any substantial impact on the leveling
process of the nanoindents.

4. Conclusions

The dynamics of the leveling process of surface
disturbances, induced by nanoindentation, in thin (100—
150 nm) films of low molecular weight PS on Si surfaces
was recorded by AFM. Leveling occurs upon annealing
above T,. Diffusivity coefficients, measured at 110 °C,
for a molecular weight range of 10 900—44 000 g/mol,
were found to be in very good agreement with the
corresponding self-diffusivity values of bulk PS. Con-
sequently, the leveling process of a well-characterized
surface disturbance can be interpreted as a curvature
driven flow and can be used to measure dynamic
properties of thin polymer films. Diffusivities were
measured after annealing the samples at 110 °C for ~3
min to allow nanoindentation-induced residual stresses
to relax and to suppress the effects of other interactions
such as VDW forces between the film and the substrate,
surrounding rim relaxation, and geometrical restric-
tions.
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