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T
he work reported here wasmotivated
by development needs of a polymer
medium for thermomechanical data

storage.1 The technology relies on the re-
versible writing of information by means of
hot embossing using a heated tip to create
nanometer scale patterns which represent
the data. The requirements on the polymer
medium can be phrased in terms of two
conflicting properties which need to be
reconciled: (1) high surface wear resistance
and (2) high plasticity. Careful tuning of the
cross-linking between the polymer chains
in terms of topology and density was one
strategy explored to achieve this goal.2 As
an alternative, one may conceive a bilayer
system consisting of a tough surface coat-
ing providing wear resistance and a soft
polymeric underlayer providing the plas-
ticity functionality.
The concept of polymeric thin film coat-

ings is a widely used strategy to improve
materials properties, for example, in the form

of antireflective,3 anticorrosive,4 water-
repellent,5 and wear-protective6�8 layers.
For our application, the critical issue is the
fact that the surface layer needs to be very
thin, typically not more than 10 nm. This en-
sures that heat and mechanical stress stimuli
applied to the surface of the coating layer are
efficiently transferred into the soft polymeric
underlayerwhich in turn responds by aplastic
deformation. The method of choice to obtain
such thin coatings is plasma polymerization.9

Highly cross-linked and thus mechanically
stable layers are obtained with excellent con-
trol of the film thickness and strong adhesion
to the underlying bulk polymer. For the stud-
ies reported here, we used polystyrene (PS) as
soft underlayer and a surface coating depos-
ited from a norbonene precursor gas in the
plasma reactor.
Writing of the data patterns is closely

related to nanoindentation, which has been
used for quantitative measurements of me-
chanical material parameters such as elastic
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ABSTRACT We explore the effect of an ultrathin elastic coating

to optimize the mechanical stability of an underlying polymer film

for nanoscale applications. The coating consists of a several nano-

meter thin plasma-polymerized norbornene layer. Scanning probes

are used to characterize the system in terms of shear-force-induced

wear and thermally assisted indentation. The layer transforms a

weakly performing polystyrene film into a highly wear-resistive

system, ideal for high-density and low-power data storage applica-

tions. The result can be understood from the indentation character-

istics with a hot and sharp indenter tip. The latter gives rise to a deformation mode in the fully plastic regime, enabling a simple interpretation of the

results. The softening transition and the yield stress of the system on a microsecond time scale and a nanometer size scale were obtained. We show that the

plastic deformation is governed by yielding in the polystyrene sublayer, which renders the overall system soft for plastic deformation. The ultrathin

protection layer contributes as an elastic skin, which shields part of the temperature and pressure and enables the high wear resistance against lateral

forces. Moreover, the method of probing polymers at microsecond and nanometer size scales opens up new opportunities for studying polymer physics in a

largely unexplored regime. Thus, we find softening temperatures of more than 100 �C above the polystyrene glass transition, which implies that for the
short interaction time scales the glassy state of the polymer is preserved up to this temperature.

KEYWORDS: protective coating . plasma polymerization . thin polymer films . data storage . indentation .
time�temperature superposition . scanning force microscopy

A
RTIC

LE



KAULE ET AL. VOL. 7 ’ NO. 1 ’ 748–759 ’ 2013

www.acsnano.org

749

modulus and yield strength in the past.10 By imaging
cold written indents, the elastic modulus, hardness,
and plasticity index have been derived frommeasured
force depth curves on sputter-deposited organic
films.11 Nanoindentation has been complemented by
microthermal analysis providing additional informa-
tion on thermal material properties.12,13 Recently, hot
scanning probe tips were used to study the softening
of polymers at the glass transition14 on a length scale of
nanometers and a time scale of seconds. Driven by our
application, we further expand the method by studying
the indentation characteristics on a microsecond time
scale using hot indenter tips with an apex radius of less
than 10 nm. This allows us to explore time�temperature
correlations in a temporal and spatial regime, which is
rarely addressed experimentally, and to study poly-
mer dynamics in a transitional non-equilibrium state.
Furthermore, we can study the yield dynamics at high
strain rates on the order of 105 s�1 in a temperature
range from room temperature to the softening tem-
perature of the system.
The paper is organized in two parts. First, we discuss

the fabrication and the wear characteristics of the bi-
layer samples and the performance of the overall system
from a data storage perspective. In particular, we show
that the bilayer system is wear-resistant and exhibits
the same shape-memory effect as has been observed
in cross-linked polymers, and we demonstrate high-
density writing of patterns corresponding to a data
density of 1.8 Tb/in2. In the second part, the thermo-
mechanical behavior of the system at microsecond
time scales is studied in detail by analyzing the indents
as a function of force and tip temperature. We show
that the surface coating acts like an elastic membrane,
and plastic yielding occurs in the PS underlayer. How-
ever, the surface coating gives rise to a rescaling of the
temperature and stress in the underlayer which mani-
fests itself as shifts of the yield stress, Y, and the soften-
ing temperature, Ts, toward higher values with respect
to the uncoated PS sample. We also find a linear de-
pendence of Y on temperature. Most remarkably, the
measured softening temperature is approximately 100 �C
higher than expected from the bulk value of the glass
transition temperature, and the measured shift can be
rationalized in terms of glass dynamics with an activation
energy of 49 kcal/mol as expected for PS.

RESULTS AND DISCUSSION

The bilayer samples studied in this paper consisted
of 100 nm thick polystyrene (PS) films spin coated on a
Si wafer. The protective coatings were deposited on
the PS films by means of plasma polymerization of
norbornene (ppNb). By adjusting the deposition con-
ditions, samples with a ppNb layer thickness rang-
ing from 6.5 to 25 nm were fabricated (see Methods
section for details). Plasma polymerization is known to
formuniform andhomogeneous protection layerswith

low surface roughness.6 Here, the root-mean-square
roughness was <1 nm per μm2 for all films. The layers
were stable, showing no signs of dewetting, delamina-
tion, or cracking. The latter indicates that the ppNb
layer is mechanically tough. The measured water con-
tact angle of 80 to 90� on the ppNb layer shows that the
surface is hydrophobic.

Thin Film Characterization. X-ray reflectivity (XRR) mea-
surements were used for determining the thickness of
the layers in the sample stack. The XRR analysis of
ppNb-covered PS samples revealed two characteristic
oscillations (Kiessig fringes) in reflectivity of (i) the spin-
coated PS layer and (ii) the ppNb cover layer (Figure 1).
The beating pattern corresponds to the thinner ppNb
and the interference fringes to the thickness of the PS
layer. The exact thickness of both layers was deter-
mined using a model based on Parrat's formalism.15

On the basis of this model, we obtained ppNb layer
thicknesses of 6.5 and 13.7 nmwith a standard error of
(0.1 nm, respectively. The PS film thickness corre-
sponded to 115 and 111 nm, respectively. The two
ppNb-protected samples were compared to a blank PS
sample and a “bulk” ppNb sample (≈250 nm thick ppNb
layer on PS) for reference.

We verified the wear protection function of the
ppNb coating by scanning force microscopy (SFM). A
nanowear test consisted of 100 scans of the same area
in contact mode at a tip load of 10 nN.16 For the bare PS
film, a significant increase in rms roughness from 0.6 to
2.78 nm before and after the wear test was observed,
which is consistentwithpublished results (Figure 2A).17 In
contrast, no measurable increase of the roughness was
detected on the ppNb-protected samples, demonstrat-
ing the anticipatedwear resistance (Figure 2B). In fact, the
coated samples exhibit wear resistance properties similar
to those of highly cross-linked polymer films.2

Reversible Thermomechanical Indentation. The ppNb-PS
samples were tested for their nanoindentation properties

Figure 1. XRR data of a pristine spin-coated PS film and two
PS films covered with ppNb protection layers with different
thicknesses. For better visibility, the normalized data of the
pristine PS film and the 6.5 nm ppNb protected film are
multiplied by 10000 and 100, respectively. The black lines
represent fits based on Parrat's formalism.
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in the context of thermomechanical data storage appli-
cations. The results shown here were obtained using
samples with the thinnest, viz. 6.5 nm, ppNb protective
layer, which are expected to yield the lowest indentation
force. Thermomechanical data writing (see Methods
section for details) was performed at a tip heater tem-
perature of 350 �C, a normal force of 80 nN (Figure 3A,C),
and using a force and heater pulse duration of 10 μs. A
logical one state was encoded as an indentation, a zero
as no indentation. The data field consisted of 48 lines of
bits (tracks) with 200 bits in each track. The bits along
the track were separated by 13.4 nm, which was half

the intertrack distance, 26.8 nm, corresponding to an
information areal density of (25.4 mm)2/(26.8 nm �
13.4 nm) = 1.8 Tb/in2. The preamble at the beginning of
each track (from left to right) consists of 10 repetitions
of the logic [1 0] sequence, yielding clearly separated
individual indents spaced by 26.8 nm representing the
[1]'s (see Figure 3C). After the preamble, random data
were written. Note that the indents of adjacent ones
merged to form elongated continuous grooves. The
average depth of the written features was 3 ( 1 nm,
which is sufficient for low error rate detection of the
data.18

Previous studies on cross-linked polymer media
have revealed that closely spaced indents interact via
tensile stress components in an annular ring around a
written indent, leading to the partial erasure of nearby
indents.19 When this interaction is exploited, an in-
dented surface can be brought back to a flat state by
overwriting it with densely spaced indents. The erase
demonstration was performed on a larger field over-
lapping the original written field by amargin of≈100 nm
on each side using the same temperature, force, and
pulse duration parameters as for the initial writing of the
data pattern. With reference to Figure 3B, the field was
scanned from left to right and from the bottom to the
top. In each track, a series of logic [1]'s was written at a
pitch of 13.4 nm and using the same pitch for the track
spacing (doubling the number of written lines). Qualita-
tively, one may rationalize the erase operation in the
following way: Writing of the first erase track results in
a continuous linear groove. Since nanoindentation is
volume preserving (we neglect bulk compression), the
indented volume is pushed to the side, resulting in a

Figure 2. Nanowear test experiment: A 3 � 3 μm2 area was
scanned in contact mode 100 times at a normal force of
10 nN. (A) Result on a pristine PS film having a thickness of
113 nm. Ripples are formed due to the low wear resistance
of PS. (B) Same test on a PS film protected with a 6.5 nm thick
ppNb layer showsno signofwear. (C,D) Cross sectional profiles
along the dotted lines in panels A and B, respectively.

Figure 3. Thermomechanical writing and erasing of bit patterns. (A,C) Bit field written in the layeredmedia with the thinnest
ppNb layer of 6.5 nm. (B,D) Same areas as, respectively, displayed in panels A and C after performing an erase operation.
(E) Cross sectional profiles along a line of grooves (red line) and at the same position after erasing the data (blue line),
corresponding to the dotted lines in panels C andD, respectively. The depth of the grooves is between 2 and 4 nm. The erased
surface has a roughness of ≈2 nm peak to peak, similar to the roughness of a virgin surface.
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pile-up rim along the written groove. A reminiscent of
the rim is clearly visible as a bright line at the bottom of
the erased field. The secondwritten track overlaps with
the rim of the first track. The rim is pushed back into the
first groove, approximately half filling it, and the other
half of the groove volume is provided by the rim of the
newly written track. By repeating the process, a groove
is propagated from the bottom to the top which irons
out the previously thermomechanically embossed sur-
face relief. Note that erasing is incomplete for the last
written groove, which is visible at the top of the field,
and also at the beginning and the end of a track line,
showing up as an elevated rim and depression,
respectively.

The perfection of erasing can be seen from a
direct comparison of the surface topography before
(Figure 3C) and after erasing (Figure 3D). A line cross
section along a data track (Figure 3E) shows that all
singular indents as well as grooves have been com-
pletely flattened out. Most remarkably, one also sees
that the long wavelength roughness is not altered by
the erase operation. In quantitative terms, the root-
mean-square roughness normalized to an area of
1 μm2 after erasing was 0.55 nmrms, similar to the rough-
ness of 0.50 nmrms of the virgin surface.

Writing and erasing of the bit field were done at
350 �C tip heater temperature and 80 nN applied
normal force. To achieve a similar quality of writing in
highly cross-linked recording media, such as highly
cross-linked polyaryletherketones,2 much higher tem-
peratures of typically 500 �C had to be applied at tip
forces below 100 nN. A high degree of cross-linking
was necessary to achieve sufficient surface wear resis-
tance and for enabling thermomechanical erasing. On
the other hand, cross-linking leads to a substantial
increase of the softening temperature in the polymer
which is reflected in high values of the writing tem-
perature. All of these important issues can be elegantly
solved with the bilayer concept. Being able to use un-
cross-linked polymers with correspondingly low values
of the softening temperature decreases the risk of
thermal decomposition of the material and excessive
wear of the tips. In addition, the highly cross-linked and
hydrophobic nature of the protection layer reduces the
chance of creating and picking up unwanted frag-
ments, which would impair the read and write perfor-
mance. For all experiments shown here, tip contamina-
tion was not observed on the protected samples. Thus
the ppNb-protected PS film exhibits excellent perfor-
mance for data storage applications.

Quantifying Nanoscale Thermomechanical Properties at Short
Interaction Times. The data recording experiments de-
monstrate that “soft” indentation properties (i.e., low
tip temperatures and low applied forces) of the ppNb-PS-
layered media can be achieved. In addition, the success-
ful erasing mechanism indicates that the fundamental
indentation mechanics is in essence the same as for an

uncoated but cross-linked polymer film. These results
suggest that indents are frozen in a metastable state
stabilized by the elastic coating and that the yielding
occurs in the soft PS underlayer.

In the following set of experiments, we quantify the
effect of the coatings on the thermomechanical prop-
erties of the bilayer system. The experiment consisted
of writing an array of indents by varying applied forces
(Fapp) and temperatures of the tip heater (Theater). After
writing, the topography of the written indents was
recorded. The indents were grouped in a pattern
consisting of 32 lines comprising 200 indents in each
line. The indent and line spacing was 40 nm in order to
minimize interference. The 32 lines were divided into
four blocks of 8 lines. Each 8-line block corresponded
to a fixed writing temperature, which varied in equally
spaced increments between room temperature, the
lowest value, and an upper value of 350 �C (for the
softest PS sample) to 700 �C (for the hardest bulk ppNb
sample). A subset of the blocks writtenwith the respec-
tive highest temperature for each sample is depicted in
Figure 4A�D. The blocks themselveswere divided into
four subgroups of two lines containing indents written
at constant writing force. The force was adjusted for
each writing temperature to yield no visible indents
for the lowest force of ≈10 nN and indents with a
remnant depth drem of≈5 nm for the highest force of up
to 450 nN.

The indentation force versus remnant indent depth
is plotted for several writing temperatures in Figure 4E
for the bare PS sample. For lower temperatures and for
deeper indents, a higher force is required. Another
representation of the same data depicting the force
and temperature values required to achieve a certain
indent depth is shown in Figure 4F. Fapp and Theater
parameter pairs were obtained by linear interpolation
of the depth data at indent depths of drem = 2, 3, 4, and
5 nm. Similar plots have been measured for all other
samples (not shown). For all samples, we observed that
the isolines can be fitted with high quality to straight
lines (dashed lines in Figure 4F). The lines intersect in a
single point on the temperature axis at (Ts ≈ 415 �C
for PS) and approximately zero force. We identify this
point with the softening transition of the sample at
which it loses its resistance to plastic deformation.
Hence this point corresponds to a point of vanishing
yield strength.

The temperature values given in Figure 4 are the
values of the silicon heater. The heater temperature
Theater can be readily measured and calibrated; how-
ever, it does not represent the polymer temperature
Tpol at the tip�sample interface because of the thermal
resistance of the nanoscale tip and tip polymer inter-
face. To estimate the temperature at the polymer
interface in contact with the hot tip, we use the results
of previous simulations.20 The rise in temperature at
the interface is approximately half the temperature
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difference of the heater to the environment, that is,
room temperature TRT (right scale in Figure 4F). In other
words, the thermal resistance of tip and interface is of
similar magnitude as the thermal spreading resistance
in the polymer.21

Tpol ¼ (Theater � TRT)=2þ TRT (1)

We obtain a value for the softening transition in the
PS sample of Ts = 25 �Cþ (415 �C� 25 �C)/2≈ 220 �C.
At the time scales of seconds of typical material testing
experiments, the softening transition would corre-
spond to the glass transition of PS of Tg ≈ 100 �C.
However, in our experiment, the duration of the heat
and force stimuli is applied on a microsecond time
scale. Thus for the short time scales, the softening
temperature is shifted to significantly higher values.

The linear relation of the writing force with tem-
perature is reminiscent of the previously observed
linear scaling of the yield stress with temperature.22�24

Y ¼ YRT
Ts � Tpol
Ts � TRT

� �
(2)

where Ts denotes the softening temperature defined
by zero resistance to plastic deformations (Y = 0) and
YRT is the yield stress at room temperature TRT. We
note that, at the glass transition temperature Tg, a
sharp transition from a finite to a vanishing yield stress
has been measured,22 a feature which we cannot ob-
serve in our data.

In order to establish a connection to the geomet-
rical parameters of the indents, themean indent shape
was evaluated using cross-correlation averaging of the
indents written under identical conditions (Figure 4A�D,
F1�F4). The radial profile as sketched in the inset in
Figure 4G was determined by an azimuthal averaging
procedure assuming a centro-symmetric indent shape.
The radial profile is characterized by a remnant indent
depth �drem and an inner indent radius a. The latter is
definedby the first intersection of the background zero
line with the profile which rises sharply from the
negative indent depth �drem to positive values due
to the existence of a rim surrounding the indent.19

A plot of the inner radius versus the indent depth
reveals a linear behavior for all samples under study
including the layered samples (Figure 4G). Within the
accuracy of the experimental data, all samples showed
the same behavior independent of the writing tem-
perature. We find that the inner radius can be de-
scribed by a linear function of the indent depth drem:

a ¼ a0 þ cdrem (3)

where a0 and c are phenomenological geometrical
factors, corresponding to a finite size of the indent in
the limit of zero depth and the increase in indent radius
with depth, respectively. The geometrical factors used
for the fit (black dashed line in Figure 4G) are a0 = 4 nm
and c = 1.3. For highly cross-linked polystyrene sys-
tems, the same linear relation25with values of a0 > 10 nm

Figure 4. Thermomechanical indent formation. (A�D) Topographies of indent patterns written on (A) PS, (B) 6 nm ppNb on
PS, (C) 14 nmppNb on PS, and (D) bulk-like ppNb (250 nmppNb on PS). Only data for the hottest tip temperatures are shown.
The force increases from bottom to top. (E) Scatter plot and (F) contour plot of the average indent depth as a function of
applied force and tip heater temperature. The dashed lines represent the results of a global fit of our model to the data. In F,
the extrapolated intersection of the lines is identified with the softening transition Ts of the polymer. (G) Inner radius a of the
indents (see sketch in the inset) for all measured indents as a function of indent depth (temperature color code as in panel E).
The dashed lines represent fits of a linear and parabolic equation to the data.
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and c > 2.6 was observed. Thus much deeper indents
could be written at the same lateral scale for the
layered samples studied here.

We note that the observed a(drem) data are also
compatible with other models. For example, a possible
alternative description would be given by assuming
negligible elastic recovery and a parabolic tip of radius
R = 11 nm.26 The curve is shown as green line in
Figure 4G according to the parabolic profile drem =
a2/2R. The curve fits the data equallywell. However, the
underlying assumption of negligible elastic recovery is
unphysical as discussed below.

Using the obtained a(d) behavior, we can now
calculate the mean pressure pm below the tip:27

pm ¼ F

(a(drem))
2π

(4)

Plotting pm for all indents as a function of heater
temperature Theater (Figure 5A), we find that the data
points for the respective samples collapse onto linear
master curves. We can rationalize this behavior by pro-
posing that the yield stress is proportional to the mean
applied pressure pm

pm ¼ CY (5)

with C being a constant. Equation 5 is valid in the
framework of fully plastic indentation as discussed
below. Combining eqs 2, 4, and 5 yields

pm ¼ F

πa(drem)
2 ¼ CYRT

Ts � Tpol
Ts � TRT

� �
(6)

Equation 6 can be solved for drem and has been
used to obtain the global fits shown in Figure 4. We
note that the data are consistent with a finite yield
stress at zero permanent deformation (Figure 4E).

Equation 6 also describes the universal linear rela-
tion between the pm and Tpol, which is independent of
other parameters. This prediction is confirmed by the
measured data as shown in Figure 5A for all samples
investigated. The intersection of the master curve with
the pm axis yields CYRT. The intersection with the Tpol
axis yields the softening temperature, Ts, of the sample
material (Figure 5B). Note that CYRT is not influenced by
the calibration factor used for converting the heater
temperature into the polymer temperature. The un-
certainty of the calibration factor only adds a propor-
tional systematic error to the temperature axis.

Indentation State. Equation 5 is known to hold in the
so-called fully plastic indentation regime. Figure 6
schematically depicts the various indentation states
on an inelastic half-space.26 An indentation is elastic
until the yield stress is reached in a small volume of the
material which causes first yield (Figure 6A). Up to this
point, the stresses can be estimatedwith high accuracy
using elastic indentation models. Applying higher loads,
the stress increases andcauses the volumeexceeding the
yield stress toexpand (Figure6B). This regime is called the

elasto-plastic regime. The material in the plastic vol-
ume reacts to the stress by permanent structural
rearrangements similar to viscous flow. This in turn
leads to a flattening of the local stress distribution, and
simple elastic models cannot be applied. As a result,
the elastic-plastic regime is difficult to capture in a
simple model.

At even higher loads, the plastic volume reaches the
surface of the polymer and is no longer contained
within an elastic matrix (Figure 6C). In this so-called
fully plastic regime, the stress distribution can be

Figure 5. Analysis of the thermomechanical indentation
data. (A) Master curves obtained from the indentation data
according to eq 6. (B) Softening temperature Ts and yield
stress Y plotted as a function of ppNb layer thickness.

Figure 6. Indentation model according to Johnson.26 (A) If
F < Fy, the indentation is purely elastic and no permanent
indent is formed. At F = Fy, first yield occurs below the
indenter. (B) In the elastic-plastic regime, i.e., at Fy < F < 400
Fy, the plastically deformed volume is confined in an elastic
matrix. (C) In the fully plastic regime, the plastically deformed
volume has reached the surface. (D) After removal of the
indenter, residual stresses are stored in thematerial, indicated
by the red arrows. We assume that the inner radius of the
indent is the same as the contact radius during indentation.
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approximated by a hemispherical sphere with radius
a having a hydrostatic pressure component ph. This
inner “core” is enclosed in a hemispherical plastic
volume (Figure 6C) of radius c > a. Outside the plastic
volume, the deformations are elastic. For the simple
model and elastic-perfect plastic solids, it has been
found that the ratio between applied pressure pm and
yield stress Y only depends on the so-called nondimen-
sional strain, which is a pure function of the indenter
geometry.26 In particular, in the fully plastic regime, the
relation can be further reduced to

pm � 3Y (7)

Equation 7 rationalizes our corroboration of eq 5 and
sets the scale. The values obtained for YRT can be seen
on the right scale of Figure 5B. For PS the value is YPS≈
217 MPa.

Link to Macroscopic Experiments. PS is a model system
in polymer physics. The glass transition temperature is
Tg≈ 100 �C, and the tensile (compressive) yield stress is
between 40 and 50 (70�90) MPa.31 In our experiment,
we measure significantly higher values of 220 �C for
the softening temperature and 217 MPa for the yield
strength. Our experiments are performed on length
scales smaller than 10 nm and at indentation durations
of less than 10 μs. We assign the effect predominantly
to the very short interaction time of the hot tip with the
sample surface in our experiment.

Above the glass transition, the time scale of struc-
tural relaxation is described by the WLF formalism and
has been studied in detail for PS.28,29 If we use the
values cited in literature, we obtain a similar shift in the
relaxation time scale by a temperature increase of ap-
proximately 38�43 �C above Tg, much less than the
120 �C shift observed here. On the other hand,weprobe
the polymer in the glassy regime and apply the tem-
perature for durationsmuch shorter than the structural
relaxation time of the polymer. Therefore, glassy dy-
namics should describe the shift in time scale appro-
priately. Glassy dynamics are described by Arrhenius
behavior, in the case of PS with an activation energy of
45�50 kcal/mol.29 Assuming a typical time scale of
the glass transition of 100 s, the observed shift in Tg of
120 �C corresponds to an activation energy of 49 kcal/mol,
in perfect agreement with the literature values.

The yield stress is similarly subjected to a strong
shift at short time scales. In our experiments, we
achieve strain values on the order of a/d ≈ 0.5 at a
time scale of 10 μs, corresponding to a strain rate of
≈105 s�1. The yield stress measured in the experiment
exceeds the yield stressmeasured at typical time scales
of seconds by 130�180 MPa. The fast time scales are
normally not accessible in traditional mechanical ex-
periments. At normal rates, the yield strength is typically
not strongly dependent on the time scale.30 However, it
has been observed that the yield strength increases
rapidly on very fast time scales. For polycarbonate, an

increase of ≈40 MPa per time decade has been ob-
served at strain rates above 103 s�1, which would be
sufficient to explain the observed hardening.30 In
addition, we cannot exclude significant strain hard-
ening due to the high strain values in our experiments.

Using the arguments above, the values obtained in
the experiment can be rationalized. The two implicit
conclusions are that we probe glassy dynamics at tem-
peratures ofmore than 100 K above the glass transition
temperature and that the yield stress increases signifi-
cantly also for PS at very short time scales. Assuming
the validity of the measured values, we can further
analyze the elasto-plastic state of our indentations.

For this, we calculate the nondimensional strain of
the indentations. The shape of our tips can be well
described by a cone with a spherical apex at the end.
The radius R of the sphere at the apex is about 5�
10 nm, and the opening angle of the cone is 35 ( 5�.
The nondimensional strain for a sphere is given by
E*a/(YR). The effective elastic modulus E* at room tem-
perature and normal time scales is given by E* = E/(1�
υ)2 ≈ 4 GPa, where E = 3.4 GPa is the elastic modulus
and υ = 0.38 is the Poisson ratio for PS.31 For our time
scales, this value will increase slightly, we estimate by a
factor of 1.5�2. This gives a lower limit for the non-
dimensional strain of ≈22 for the most shallow in-
dents (a = 6 nm) and a 10 nm radius tip, which is still in
the elasto-plastic regime but close to the border to
the fully plastic regime of ≈40. For deeper written
indents, the nondimensional strain increases until the
cone of the indenter is reached. This gives an upper
limit to the nondimensional strain at room tempera-
ture of E* tan(90�35)/Y ≈ 52, which is in the fully
plastic regime.

For the hot written indents, the elastic modulus is
lower, but at the same time, the yield stress drops
proportionally to the distance to the softening tem-
perature, which is the dominating effect. Thus the non-
dimensional strain increases for the hot written indents,
which puts these indents safely into the fully plastic
regime. Therefore, most of our indentations were pro-
duced in the fully plastic regime, except for the shallow
indents at room temperature, which are closer to the
elasto-plastic regime. For these indents, we expect that
more force is needed to produce a permanent indent
of a certain depth. This is indeed observed in the data
recorded at room temperature (see Figure 4F and
Figure 5A; the data deviate from the straight line toward
higher force values).

We would like to note that although we are in the
so-called fully plastic regime, there is considerable
elastic recovery during the indentation process. We
can estimate the amount of elastic recovery assum-
ing a perfectly elastic recovery using Hertzian contact
mechanics.26 In this model, the amount of elastic
indentation for a spherical indenter is given by δ =
(9F2/(16RE*2))1/3, and the mean pressure is given by
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pm = π/4(6FE*2/π3R2)1/3. Eliminating R, we obtain the
elastic indentation for a given load andmean pressure:
δ2 = (9π/16)Fpm/E*

2. Neglecting the steeper pressure
distribution of elastic indents, wemay approximate the
situation by the assumption that the elastic recovery of
our fully plastic indentations is similar to the elastic
penetration of a tip exerting a mean pressure pm at a
load F. If we use an effective elastic modulus of PS of
E* = 1.5� E* (t = 1 s)≈ 6 GPa at 22 �C (see above) and
the fast time scales, we arrive at elastic indentation
depths of 1.5, 2.1, and 2.4 nm for the indents of 1.9, 3.6,
and 5.4 nm permanent depth written at room tem-
perature. Thus, we may estimate from the data that
there may be up to 40% elastic recovery of the inden-
tation for the shallowest indents at room temperature.
This high amount of elastic recovery is also consistent
with the linear a(drem) behavior shown in Figure 4G,
which has been observed before to even smaller depth
values.19 The fact that we do not observe significant
deviations for all samples indicates that the amount of
elastic recovery is similar in all samples for a given
indent depth.

For the ppNb-coated PS samples, we obtain a
similar behavior as for the PS sample and the same
analysis can be applied. The yield stress YRT at room
temperature and the softening temperature Ts ob-
tained from the master curve fit to the measured data
are plotted in Figure 5B. As expected, the highly cross-
linked bulk ppNb is a significantly harder and thermally
more robust material than PS. The YRT value for ppNb
is 4 times higher than for PS, 830 MPa vs 217 MPa,
respectively, and the softening temperature of 457 �C
is 2 times higher than the softening temperature of PS
of 220 �C. For the layered materials with a 6 and 14 nm
thick ppNb protective coating, we obtain effective
softening temperatures of 299 and 314 �C, respec-
tively, and RT yield stress values of 336 and 360 MPa,
respectively.

An intriguing characteristic of the master curves
is the fact that the slopes for the layered samples
are indistinguishable from the slope of the master
curve for the PS sample but markedly different from the
slope of the master curve of the ppNb bulk sample. We
take this as an indication that the plastic deformation in
the layered samples is governed by yielding only in the
PS sublayer. The top layer acts as an elastic skin, which
screens part of the temperature and part of the pres-
sure from the lower lying PS layer. This interpretation is
supported by the fact that the bulk ppNb film has a
much higher yield stress and softening temperature,
which makes it unlikely that the thin layer of ppNb
material would yield at the pressure and temperature
levels used in embossing the indents into the layered
samples.

Onewould further argue that the observed increase
of the softening temperature of the layered samples at
zero applied force is caused by thermal loss in the

ppNb layer, whereas the measured increase of the YRT
yield stress is a consequence of a reduction of the force
acting on the PS layer due to the stiffness of the protec-
tive layer.

Temperature Profiles in the Protection Layer. The mea-
sured softening temperature of the layered films is 78
and 93 K higher than Ts for the PS sample. Therefore,
thermal shielding by the ppNb layer must be consid-
ered because plastic deformation for indent creation is
located in the PS substrate (Figure 7A). The tempera-
ture distribution is determined by the tip heater as the
heat source at elevated temperature (Theater) and the
silicon substrate acting as the heat sink at room tem-
perature. Part of the generated heat is transferred
through the tip into the sample. As argued above,
the thermal resistance of the nanoscale tip is compar-
able to the thermal resistance of the polymer film; that
is, the temperature at the tip�polymer interface Ttip is
approximately half of the heater temperature with
respect to room temperature. However, a second heat
path exists through the air into the substrate as indicated
by the red arrows in Figure 7A. The thermal conductivity
of air (0.027 W m�1 K�1) is approximately 5 times
lower than the conductivity of PS (0.14 Wm�1 K�1).32

Figure 7. (A) Illustration of the thermal model used. A tip is
heated by a heater at temperature Theater. The heat sink is a
silicon substrate which is considered to be at room tem-
perature at its backside. (B) Measured relative values of the
temperature drop at the interface ΔTint/ΔTtip vs the inter-
face thickness. Solid lines are calculated temperature pro-
files in the polymer assuming a ΔTsurf of 50 and 25% of the
ΔTtip (dotted lines).
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Therefore, a parallel plate heater at a distance of
500 nm above a 120 nm thick PS sample on a perfect
heat sink (kSi = 139 W m�1 K�1) gives rise to a tem-
perature increase of dpol/dtip� kair/kPS, which amounts
to 5% of the heater temperature. For heater tempera-
tures of 450�600 �C, this approximately amounts to
20�30 K. In addition to the polymer heating, the silicon
substrate may be heated locally (ΔTsub). Haeberle et al.
have determined the heating of a bare silicon substrate
underneath a 440 �C hot heater to be 20 K.33 Therefore,
wemay estimate an upper limit for the polymer surface
heating of 50 K through air.

To determine the temperature increase caused by
the hot tip in contact with the polymer surface, we
assume in a first approximation of a homogeneous
thermal sample that the thermal conductivity of PS
(kPS) and ppNb (kppNb) are the same. In this case, the
temperature scales approximately with r�1 into the
film.34 Taking into account a 5 nm tip radius rtip and the
thicknesses dint of 6.5 nm for the thinner and 13.7 nm
for the thicker protection layer, we can calculate the
expected increase in temperature at the interfaceΔTint
using

ΔTint ¼ rtip
rtip þ dint

 !
ΔTpol (8)

where ΔTpol is the temperature rise of the polymer at
the surface with respect to the polymer temperature
ΔTsurf far from the tip contact (ΔTpol = ΔTtip � ΔTsurf).

We found that the plastic deformation occurs in the
PS material at the PS-ppNb interface. Therefore, we
may estimate the temperature of the interface ΔTint to
be 220 �C at the softening transition. However, for the
protected PS, wemeasured an increase in softening tem-
perature to 299 and 314 �C, respectively (Figure 5B). The
measured increase indicates that the temperature has
dropped to 72 and 68% of the surface temperatureΔTtip
at the ppNb-PS interface ΔTint using room temperature
(25 �C) as reference. This ratio (ΔTint/ΔTtip) is plotted in
Figure 7B versus the protection layer thickness (black
squares). A good fit for eq 8 requires a polymer back-
ground temperature ΔTsurf of approximately 0.5 times
the tip�polymer temperature ΔTtip (black dotted line
in Figure 7B), which amounts to 100�150 K. This is
much higher than the estimated limit in temperature
rise of 50 K calculated above.

Therefore, we have to take the different heat con-
ductivities of the polymer layers kPS and kppNb into
account. A higher thermal conductivity of the ppNb
layer leads to a proportionally reduced effective thick-
ness for the heat transport. The thermal conductivity of
PS, kPS = 0.14 W m�1 K�1, is low compared to other
polymers in the amorphous glassy state, hence kppNb
could be significantly higher (for example, polymethyl-
methacrylate has a thermal conductivity kPMMA = 0.19
W m�1 K�1). In addition, it is generally accepted that

the thermal conductivity in a polymer is 10 times
higher along the backbone of the chains than between
different chains. Therefore, the highly cross-linked
ppNb film should have a higher thermal conductivity
value, and indeed, higher thermal conductivity of cross-
linked polymers has been observed. Furthermore, the
high compressive stresses in the tip�sample region
may enhance the thermal conductivity further. Thus
significantly higher thermal conductivity for ppNb is
reasonable compared to PS. If we assume a 2.5 times
higher thermal conductivity of the ppNb film, we can
replace the interlayer thickness by a 2.5 times reduced
thickness (Figure 7B, blue circles). In this case, the
dotted blue line corresponds to a ΔTsurf of 0.25 times
ΔTtip corresponding to 50 K, in line with the estimated
rise in surface temperature.

A similar argument can be put forward to explain
the increase in yield strength of the samples with a
protective ppNb layer. In a homogeneous film, the
highest stress in an elastic indentation process occurs
at a distance of≈0.8a in the depth of the sample.26 For
the contact radii observed here, this amounts to a
depth of 5�8 nm, similar to the thickness of the ppNb
layers. In the layered systems, the stress distribution is
more complex. Because strain is continuous at the
interface, there is a discontinuity in the stress field at
the interface, which leads to lower stress values in the
softer PS layer. On the other hand, we measure a 4
times lower yield stress value for PS versus ppNb, which
corroborates the interpretation that yield is nucleated
in the PS layer. From the above arguments, it is clear
that higher load values are needed to nucleate yield in
the PS layer. Experimentally, we find that the overall
yield stress of the layered systems is 1.5 and 1.7 times
higher than that of the pure PS film, in line with our
qualitative arguments.

CONCLUSION

In conclusion, we have studied the thermomech-
anical properties of protected PS films on the nano-
meter spatial and on the microsecond temporal scale
using heatable scanning probes. We developed a
unique indentation characterization method for poly-
mers which relies on a small apex radius of the tips.
Because of this property, nanoscale indentations in
typical polymers occur in the fully plastic regime, which
allows for a simple interpretation of the data. Using the
model, we can characterize softening temperature and
yield strength of polymers with and without protective
coatings. We find softening temperatures ofmore than
100 K above Tg and yield stress values several times
higher than those obtained by conventional methods.
We attribute the effects to the short time scale of the
force and, in particular, the temperature pulses. Re-
markably, the high increase in softening temperature
indicates that the polymers are probed in the glassy
regime, although the applied temperatures are far
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above the glass transition temperature. Because of the
strong shift, the parameters obtained by the method
cannot be compared directly to literature values. How-
ever, this new kind of microsecond nanoindentation
opens up unique opportunities for studying polymer
physics in a yet unexplored regime. It enables a
sensitive screening of material parameters at a fast
turnaround time. As demonstrated here, the method
can clearly detect the mechanical differences caused
by additional highly cross-linked ppNb protection
layers as thin as 6.5 nm.
Using this method, we can characterize the differ-

ences of thermomechanical properties among the
coated samples. We find that the protective coating
acts as a thermal andmechanical barrier. It shields part
of the temperature and stress from the PS sublayer, in
which the plastic deformation is located. The increase
of the softening temperatures can be explained by
macroscopic heat transport equations. Our analysis

indicates that the protective coating has a significantly
higher thermal conductivity than the PS film.
For data storage applications, the PS/norbornene

system is a significant step forward from previous
materials. We have achieved a physical separation of
the material which is plastically yielding and the
material in contact with the tip on the nanometer
scale. The coating protects the tip and the sample from
deformations induced by the shear forces involved in
scanning the tip to read out the data. The retention of
the data is given by the stability of the plastic deforma-
tion in the sublayer. The sublayer can be tuned to find
the optimal trade-off between softness and retention
capabilities. Low-power operation and increased tip
lifetimes can be expected from the lower tip�sample
forces and temperatures involved in writing. As a
general scheme, the protective coating allows the use
of un-cross-linked storage media, which enriches the
choice of materials and the ease of implementation.

METHODS
Sample Preparation. Bilayer films were deposited on N-doped

(0.01/cm) silicon [100] wafers (Siltronic AG). After cutting the
wafers into pieces of 2.5� 2.5 cm2, they were rinsed withMilli-Q
water and ethanol to remove residues. Then the wafers were
dried using an air gun. To avoid contamination, thewafer pieces
were stored in glass vessels after cleaning. The PS (molecular
weight Mw of 100.000 g/mol) films were prepared by spin
coating from a 2 wt % solution of polystyrene in toluene. The
spin coater was ramped up to 2000 rpm at an acceleration of
5000 rpm/s2 and was operated for 100 s. The PS film thickness
ranges from 100 to 120 nm as determined from profilometry
and X-ray reflectivity (XRR) measurements. Films of cross-linked
norbornene were deposited on Si and PS covered Si wafers
using a cylindrical (100 mm Ø, 300 mm long 13.56 MHz) pyrex
plasma reactor.35 For the plasma polymerization process of
norbornene (Sigma-Aldrich, 99% purity, bp 65 �C, vapor pres-
sure 52 mbar at 25 �C), a pressure of 0.05 mbar was adjusted in
the reactor using needle valves at the norbornene storage
vessel and throttle valves at the vacuum pump. The radio
frequency (RF) source (Coaxial Power Systems Ltd., Eastbourne)
was connected to the reactor coil antenna via a matching
system. Details of the used reactor are described elsewhere.35

For the deposition of wear-resistive plasma-polymerized
norbornene (ppNb) films, we used a plasma input power
of 150 W. The thickness of the norbornene protection layers
was adjusted by the time the plasma reactor is switched
on. In the case of a PS surface, we calculated a deposition
rate of≈10 nm/s. Thus for the deposition of hyper-thin films
in the order of 10 nm, we used a plasma deposition time
of ≈1 s.

The thickness of the single-layer and bilayer layer films was
measured using a profilometer (KLA-Tencor P-16þ, Milpitas,
USA) across scratches made by a sharp needle. The films thick-
nesses were calculated as the mean value of the height differ-
ence between scratch and film surface at six different positions.
The standard deviation in the measurement of the thickness
can reach 5 nm. Therefore, the thickness of hyper-thin films
(<10 nm) could not be reliably measured in this way. Thus, X-ray
reflectivity (XRR) measurements were performed for determin-
ing the thickness of the layers in the bilayer film. For this purpose,
1 � 1 cm2 samples were analyzed in a Seifert XTD 3003 TT X-ray
diffraction system (Seifert, Ahrensburg, Germany). The diffract-
ometer was operated in reflectivity mode with a multilayer
mirror as a monochromator at a fixed wavelength of λ = 1.54 Å.
The beam size was 1000 � 100 μm2 (horizontal � vertical)

having a resolution in qz=6� 10�3( 2� 10�3 Å�1. A formalism
based on Parrat's work was used for fitting a model to the
reflectivity data which allowed us to determine the exact
thickness of the thick PS sublayer and the hyper-thin plasma-
polymerized norbonene (ppNb) layer with 0.1 nm precision.15

Surface roughness and wear resistivity16 were assessed using
scanning force microscopy (NanoWizard, JPK, Berlin, Germany;
Veeco D3100, Santa Barbara, CA, USA) using cantilever probes
with a nominal spring constant of 0.2 N/m (Cont-W, NanoWorld,
Neuchatel, Switzerland), and the spring constant was calibrated
by the thermal tune method.36 Surface wear tests were per-
formed at a normal force of 10 nN. An area of 3 μm� 3 μmwas
scanned 100 times at a velocity of 50 μm/s. Afterward, the wear-
tested areas were imaged at a scan size of 5 μm � 5 μm. We
quantified the mechanical stability of the film by analyzing the
root-mean-square roughness on an area of 1 μm� 1 μm inside
the wear-tested area.

Contact angle measurements (OCA35, DataPhysics Instru-
ments Gmbh, Filderstadt, Germany) were used to probe the
hydrophilicity of a surface. The samples were probed using
Milli-Q water.

Thermomechanical Writing and Temperature Calibration. The in-
dentation experiments were performed on a home-built test
station under controlled low humidity, <1%, nitrogen atmo-
sphere. The silicon indenter tip with a height of 500�700 nm
and an apex radius of ≈5 nm is placed on top of a low-doped
resistive heater element of the cantilever sensor. The sensor also
comprises a capacitive platform for applying load forces by
electrostatic means and a resistive read sensor made of low-
doped Si for thermoelectrically measuring the relative motion
of the tip with respect to the sample. A capacitive platform in
the center provides a large capacitance to the sample and
therefore an effective actuation mechanism to pull the tip into
contact and to control the applied force.

For writing, the tip is approached by mechanical means to
its rest position at a distance of≈50�300 nm above the surface.
The tip heater is heated to the writing temperature using a
constant voltage excitation. For a write operation, the tip is
pulled into contact by applying an electric potential between
the conducting Si substrate and the capacitive platform of the
silicon cantilever.

Temperature calibration of the heater is done by measuring
a current�voltage (IV) response curve of the heater. The resist-
ance of the heater is plotted as a function of dissipated power.
The temperature at which the maximum resistance occurs is a
function of the silicon doping density and is known as inversion
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temperature. We assume that all of the power dissipated in the
cantilever contributes to the heating of the heater structure and
that the temperature change of the heater is a linear function of
the dissipated power. For the doping values used here, the
maximum resistance occurs at 550 �C.

The temperature reached in the polymer during a write
operation is a complex function of the tip geometry and
depends on the heat resistance of the tip, the resistance of
the interface between tip and polymer, and the polymer's heat-
spreading resistance, including the underlying substrate in the
case of a thin polymer film (e100 nm). In particular, it depends
on the contact radius and the opening angle of the tip (20�50�
for our tips). In the text, we cite the heater temperatures only.
A rough estimation states that the increase in polymer tem-
perature is approximately half the tip heater temperature
relative to room temperature.20,21

Thermomechanical Reading. The read resistor of the cantilever
sensor is heated to≈200 �C using a constant voltage excitation.
The temperature of the heater depends on the width of the air
gap between the heater and the sample, which acts as a cooling
path. The temperature, in turn, determines the heater resistance
which is measured via the heater current using a virtual ground
current to voltage converter. Thus the heater current of the Si
heater is a directmeasure of the vertical distance of the cantilever
structure to a coarse-grained average sample plane. The thermal
time constant of the reader is ≈5 μs, and the overall noise level
corresponds to a 0.1 nmrms resolutionof the tip�sample distance
measurement.

For topography imaging, an effective load force ofe10 nN is
applied. In addition, high-frequency forcemodulation is used to
excite resonant modes in the MHz range of the cantilever. The
high-order mode acts as a stiff system for modulating the
tip�sample distance, and a vibration amplitude of 1 nm is
sufficient to overcome the adhesion interaction. The soft canti-
lever provides a force-controlled support for the vibrating tip,
enabling high-speed intermittent contact force microscopy
without feedback control of the cantilever bending.
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