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Nanoscale surface modification is reported for styrene butadiene rubber using an electrically biased con-
ducting atomic force microscope tip. Under appropriate bias conditions, the local electric field magnitude is of
the order of 108–109 V m−1, which is sufficiently large to initiate cross-linking in the rubber. Peaklike surface
features, surrounded by a circular trough and a raised ring, are created by careful and controlled retraction of
the biased tip. The features’ aspect ratios can be controlled by modifying the tip retraction protocol, tip
geometry, and bias voltage. Typical feature dimensions reported here vary from approximately �0.5–10�-nm
high and up to several hundreds of nanometer in diameter. Although the temperature of the rubber is above the
glass transition and the rubber is in a viscous state, the features are stable over a period of several days once
created—which is believed to be due to cross-linking of the rubber during feature formation. Modeling of the
electric field distribution in the vicinity of the tip is presented, which strongly supports the assertion that the
resulting nonuniform electric field induces nanostructure formation and initiates cross-linking. A mechanism is
proposed whereby source material is redistributed in the proximity of the tip/surface region to form the
observed features.
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I. INTRODUCTION

The ubiquity of polymers and polymer-based materials in
everyday life arises from important commercial applications
at the macroscale. For example, the tire industry utilizes syn-
thetic rubber made from polymerization of different
monomers—to their versatility in diverse applications at the
nanoscale, such as displays, sensors, optoelectronics, and
polymer data storage.1–4 The influence of an external electric
field on the stability of polymer surfaces is a very active area
of research. This includes electrohydrodynamical instability
�EHD�5 and surface fluctuations6 using mask techniques,
nanoelectrochemistry,7 and also nanoscopic mass transport
on the microsecond time scale using atomic force
microscopy-assisted electrostatic nanolithography
�AFMEN�8 in various films although polymer films have
been the most intensively studied up to date. AFMEN has
been shown to generate routinely �1–50�-nm-high and �10–
100�-nm-wide features by inducing an electric breakdown
between a sharp �20–40�-nm asperity, such as an atomic
force microscope �AFM� tip and attoliters of substances such
as dielectrics �polystyrene and polymethylmethacrylate�,
semiconductors �a-Si, CdS�,9 self-assembled alkylthiolate
monolayers,10 and also in bio-materials such as Iridovirus
Wiseana.11

It is important to understand and differentiate fundamental
physical processes occurring under extreme conditions when
the applied electric filed exceeds 108−109 V m−1 in small
volumes �10–100 al� of condensed matter. These processes
may include—but are not limited to—fast overheating of
molecules, electrochemistry in small volumes, mass trans-
port, and, in case of macromolecules, electrically induced
cross-linking at the nanoscale. To limit the number of physi-
cal factors, in this work we have selected styrene butadiene
rubber �SBR�. SBR is a widely used polymer in the rubber

industry. Depending on the styrene content, the SBR glass
transition temperature �Tg� can vary over a range typically
between −80 and −30 °C. At room temperature SBR be-
haves as a polymeric liquid, which eliminates the need to
heat it above the glass transition point. Due to the liquid
nature of SBR �namely, fast molecular relaxation�, the
formed features are short lived—making standard AFM mea-
surements of SBR almost impossible.

The major goal of this study is to show that it is possible
to create very stable features on a polymeric liquid surface.
As we will show, these features are associated with cross-
linking of macromolecules in small volumes of SBR. Two
additional goals are: �1� to solve the distribution of electro-
static field and field gradient in the tip-surface junction using
Laplace equation and �2� to study the topological peculiari-
ties of nanostructure formation associated with nonunifor-
mity of the induced electric field.

II. EXPERIMENT

In order to negate SBR molecular mobility at room tem-
perature, samples were prepared from SBR solution mixed
with standard rubber cross-linking agents to induce cross-
linking of SBR molecules, which normally occurs at tem-
peratures above 110 °C. Thermal cross-linking of SBR mol-
ecules without additional cross-linking agents is also
possible at higher temperatures.12 The SBR solution was pre-
pared through the following steps: Commercial SBR from
the Firestone Synthetic Polymer Co. was used as the starting
product �Duradiene 706 with a molecular weight of about
150 kg/mol, styrene content of 23.5%, vinyl-1,2 content of
12%, and Tg of about −62 °C�. Approximately 40 g of the
SBR was mixed with 0.37 g of antioxidant �Santoflex-13�,
0.8 g of stearic acid, 3.8 g of aromatic oil, 0.57 g of sulfur,
0.57 g of diphenyl guanidine �DPG�, and 0.68 g of
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N-cyclohexyl benzothiazole sulfenamide �CBS�. An antioxi-
dant was added in order to protect the SBR from degrada-
tion. Stearic acid and oil are processing aids that facilitate
better dispersion of the ingredients in the rubber and sulfur.
DPG and CBS are curatives that afford a better degree of
control over cross-linking.12 Mixing was performed using a
65 g Brabender mixer at mixing speed of 60 rpm and the
mixing temperature was maintained at 100 °C. Approxi-
mately 5 g of mixed compound was dissolved in 0.5 liter of
toluene producing a 0.01 wt% solution from which SBR
were spin coated onto silicon substrate.

The SBR solution was spun cast at 2000–6000 rpm for
20–40 s onto optically flat silicon substrates to produce films
with thicknesses between 2 and 100 nm. The roughness of
the silicon surface was estimated to be less than 0.5 nm and
the SBR film thickness was analyzed using AFM. For AFM
measurements, films were gently scratched using a sharp sty-
lus and the profile of the scratch was measured using stan-
dard AFM procedure. Commercial software provided by the
manufacturer �Veeco Metrology� was used to calculate aver-
age film thickness. Several areas of the films were dewetted
due to poor adhesion of SBR to silicon, thus providing addi-
tional areas of film thickness measurement. The measure-
ments of scratched and dewetted areas yielded similar film
thickness values.

In this study two Veeco Metrology 3100 Dimensions
AFMs were employed. One of these �a Nanoscope III� was
for surface characterization and the other �a Nanoscope IV�
for surface patterning. The following conductive noncontact
MikroMasch tips were used to pattern nanostructures in SBR
films: �1� normal type with force constant 5 N m−1, tip di-
ameter 20 nm, and resonance frequency 240–330 KHz; and
�2� sharp type with force constant 5 N m−1, tip diameter 5
nm, and resonance frequency 160 KHz. In any separate ex-
periment, the tip was mounted on a tip holder and isolated
from electrical parts of the AFM by a piece of isolating tape.
Nanostructures were formed using z-lift amplitude modu-
lated �ZAM� protocol running C�� combined with DIGITAL

INSTRUMENTS nanolithography package. There are four basic
steps for tip manipulation through ZAM: �1� The tip is
brought close to the surface to a distance at which the am-
plitude of tip vibration was damped by three orders of
magnitude—as monitored through tip vertical deflection sig-
nal using Textronics oscilloscope. This tip-sample distance
was selected as reference point. �2� The oscillating tip is then
raised to a distance varied between 1 and 10 nm �Level I�.
�3� A bias voltage �negative or positive� in the range 1–40 V
is applied to the tip as it is retracted to a distance varied
between 10 and 1000 nm �Level II�. The speed of the tip
retraction varied between 50 and 100 nm s−1. �4� The tip is
moved laterally to another position above the surface and
steps �1�–�3� are repeated to create more structures in a simi-
lar manner. ZAM protocol is shown schematically in Fig. 1.

III. RESULTS AND DISCUSSION

An example of a 10�10 dot array, patterned in a 50-nm-
thick SBR film using ZAM protocol, is shown in Fig. 2. The
height of the dots varies between 1 and 3 nm. The whole

array was created in 170 s. It was found that the structures of
this particular array remained unchanged for 48 h of moni-
toring. The stability of the structures was further investigated
by monitoring the dimensions of the nanostructures formed
in the SBR films under variable conditions. Variables in-
cluded are: exposure time �which was varied between 0.1
and 5 s�, tip retraction distance from the reference point �var-
ied between 1 and 1000 nm�, tip bias �varied between −1 and
−40 V�, and the type of AFM tip �two were used—one with
a 5 nm radius and the other 20 nm�. A set of samples of
different thickness was investigated in this study.

The minimum thickness of the SBR films studied was 4
nm and the maximum thickness was 100 nm. It was found
that the bias voltage and tip sharpness �determined by the tip
diameter� were the two most critical factors affecting the
stability of the nanostructures patterned in the SBR films.
Graphs illustrating the stability of the nanostructure’s height
and width, over a period of approximately one week, are
shown in Fig. 3. It was observed that two kinds of features
formed with ZAM protocol remained stable while the sur-
rounding areas of SBR �that were not exposed to electric
field� were subject to change.

A schematic presentation of an AFM tip above SBR sur-
face is depicted in Fig. 4. The tip is presented as a hyperbo-
loid with apex radius, R, separated from the polymer surface
by a distance t. Biasing the tip produces a nonuniform elec-
tric field, which in turn is capable of reshaping the polymer
medium in question.

The distribution of electrostatic potential, field, and field
gradient in the tip-surface junction was calculated from a
numerical solution of the Laplace equation using axially
symmetric cylindrical �r ,z� coordinates:

Silicon

Retracting, oscillating
AFM lever

Nanostructures: 0.5 -10nm

“Reference” < 1nm
Oscillations damped

“Level I”: 1-10nm

“Level II”: 10-1000nm

(C6H5CH=CH2)x – (C4H6)y

FIG. 1. �Color online� ZAM protocol: Step 1: An unbiased os-
cillating AFM cantilever is brought to the surface of an SBR film
��4–100�-nm thick� and oscillations are damped by three orders of
magnitude. Step 2: The cantilever is retracted to Level I above the
reference point between 1–10 nm from the surface. Step 3: A bias
voltage �varied between −1 and −40 V� is applied to the cantilever,
which is then lifted from the Level I to Level II �10–1000 nm from
the surface� at a speed between 50 and 100 nm s−1. Nanostructures
�dots or circular rings� are patterned on the SBR surface. Step 4:
The cantilever is laterally displaced to another point �typically be-
tween 10–500 nm from the original starting point� and steps 1–3 are
repeated.
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where ��r ,z� and ��r ,z� are the position-dependent electro-
static potential and the dielectric permittivity, respectively.
The equipotential surface of the tip and the grounded plane
at z=0 provide boundary conditions for Eq. �1�. Finite dif-
ference discretization with a successive over-relaxation
�SOR� method13 was used to calculate the potential ��r ,z�,
the magnitude of the �external� electric field,

E�r,z� =�� ��

�r
	2

+ � ��

�z
	2

, �2�

and the field induced pressure gradient �ponderomotive force
density�:14,15

�p�r,z� = −
�0

6
�� − 1��� + 2� � E2�r,z� . �3�

Representative contour plots for the resulting electrostatic
potential and field are presented in Fig. 4. The numerical
accuracy of the finite difference calculations was verified by
comparison to an analytical solution for an electric field of a
hyperboloidal tip in the absence of a dielectric film.16

Equation �1� was solved using typical values of the ex-
perimental parameters employed for the materials under in-
vestigation. These are as follows: SBR dielectric permittivity

3 µµm

FIG. 2. �Color online� A fragment of a 10�10 array of nanodots
�240-nm wide and 3-nm high� formed on a 50-nm-thick SBR film
using ZAM protocol with a tip bias voltage in the range−10–
−15 V. The tip was retracted from the “reference” point to a point
100 nm higher over a period of 1 s at speed of 100 nm/s�. The
nanodots remained intact over an observation period of 48 h.
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FIG. 3. �Color online� Dependence of the �a� height and �b�
width of two types �“A” and “B”� of nanostructures formed on SBR
versus time. Type A—open triangles correspond to inner structure
and open squares correspond to outer structure �ring�; The bias
voltage was −25 V and the exposure time was 0.5 s; Type “B”—
closed triangles correspond to inner structure and closed squares
correspond to outer structure �ring�; The bias voltage was −25 V
and the exposure time was 1.5 s. �c� 3D images of types A �upper
image� and B �bottom� nanostructures.
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�=2.5, SBR film thickness a=4 or 100 nm, tip-surface dis-
tance t=1 nm, tip bias voltage U=20 V, and tip radius R
=20 �normal� or 5 nm �sharp�. The calculated electric field
�Eq. �2�� and pressure gradient �Eq. �3�� applied to a polymer
film in the proximity of the film surface are presented in Fig.
5 as a function of the radial coordinate r. A comparison of
thin �4 nm� and thick �100 nm� polymer films indicates larger
magnitudes and a longer radial extent of the pressure gradi-
ent components �ponderomotive forces� in the case of a thin
film. In particular, the radial component of the pressure gra-
dient �Eq. �3�� is stronger and is acting over a larger area in
thin films. These observations are not affected by variations
in the AFM tip radius between 5 �sharp� and 20 nm �normal�.

To compare the results of modeling with experiment, the
sets of features were formed in SBR films at various field
strengths using AFM tips of two different sharpnesses. The
tips used have the following characteristics: Standard silicon
tips, covered with gold, and tip radius R=20 nm; and
sharp tungsten tips—manufacturer’s product code DP14/

HI’RES-W with resonant frequency 160 KHz—force con-
stant 5 N m−1, and tip radius R=5 nm. A comparison of the
features formed using the standard versus sharp tips, for dif-
ferent magnitudes of electric field �as determined by bias
voltage and tip-surface separation�, is presented in Fig. 6. As
can be seen, a trend is observed for the magnitude and struc-
ture of the features with increasing bias voltage for a given
tip-surface separation. One can see that the features form
initially as single dots �Figs. 6�a�–6�c�, corresponding to bias
voltages of −8, −15, and −20 V, respectively� and their
shape gradually changes from dots to protrusions directly
under the AFM tip as the bias increases. One also observes
that the features’ dimensions grow in height and width with
increasing bias. At some threshold tip bias, typically−24–
−25 V for a standard tip and −13–−15 V for a sharp tip, a
ring of elevated material forms around the central peak. Fig-
ure 6�d� shows features formed at a bias of −25 V for a
normal tip, while Figs. 6�e�–6�h� corresponds to features
formed at voltages of −15, −20, −25, and −30 V, respec-
tively, for a sharp tip. Nanostructure dimension may exceed
the tip size and the lateral extent of the electric field, which
was observed earlier,8,11 and is most likely related to vis-
coelastic response of polymeric media.12,17

Our calculations indicate that in the case of thin polymer
films, the radial pressure gradient �Eq. �3�� is stronger for the
sharp tip than for the standard tip biased with the same volt-
age. This could explain why electric voltage-assisted asperi-
ties �EVA�, formed in thin SBR films as the polymer medium
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FIG. 4. �Color online� �a� Schematic presentation of an axially
symmetric AFM tip—SBR surface junction. The AFM tip is ap-
proximated as a hyperboloid with an apex radius, R. The tip-surface
separation, t, and SBR film thickness, a, are also shown. The radial,

fr, and axial, fz, components of the ponderomotive force, f�=−�p,
are responsible for the reshaping of the polymer medium and the
formation of nanostructures. Representative contour plots for �b�
electrostatic potential ��r ,z� and �c� electric field E�r ,z�.
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FIG. 5. The variation of the electric field E and the pressure
gradient components, �p /�z and �p /�r, evaluated near polymer sur-
face �1 nm below z=a� with respect to the radial coordinate r for
the cases of thin �curves 1 and 2, a=4 nm� and thick �curves 3 and
4, a=100 nm� SBR films. Solid and dashed lines correspond to
normal �R=20 nm� and sharp �R=5 nm� AFM tips, respectively.
Note: larger values and longer radial extension of the pressure gra-
dient components are observed for the case of a thin polymer film.
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flows toward the tip position �r=0�, can be induced at a
lower bias �−13–−15 V� for the sharp tip �R=5 nm� than
for the standard tip �R=20 nm�, which requires a bias volt-
age of −25 V.

It was established that no features are formed when the tip
bias was less than −5 V for either the sharp or standard tip
and for tip-sample separations between 1 and 100 nm. This
suggests that nanostructures are not stable when a small bias
is used, and they disappear as molecular relaxation mini-
mizes the surface tension. As the voltage was increased in
magnitude above −8 V, the observed stable features were
formed on SBR surface, which suggests a field threshold for
nanostructure stabilization due to a field induced chemical
cross-linking. An order of magnitude estimate of the electric
field sufficient to initiate SBR cross-linking can be obtained
assuming that the polarization energy stored in a molecular
volume has to be as high as the �-bond strength D

282 kJ /mol. Such an estimate results in the following
threshold field:

Eth =� 2D�

�0�� − 1�M
, �4�

where � and M are the mass density and molecular weight,
respectively. The threshold field evaluated using material pa-

rameters of SBR described in the experimental section is
about 0.5 V/nm, which, according to our calculations �Fig.
5�, is attained under typical experimental conditions. While
polymer surface tension may play an important role in the
initial stage of nanostructure formation, it does not result in
any significant topographical changes once the cross-linking
was induced, and the nanostructures remain very stable as
presented in Fig. 3.

The formation of topological peculiarities, ring�s� around
a single peak, could be mostly associated with the geometri-
cally nonuniform mass transport due to the competition be-
tween electric-field distribution and the thickness of the SBR
film. As indicated above, the radial component of the pres-
sure gradient acting on the polymer film is stronger for thin
films and could be one of the factors responsible for a trough
ring nanostructure formation. To evaluate the mass transport
of material under the AFM tip, the volume of displaced SBR
was calculated using data extracted from the AFM images.
The calculations were performed using WSxM software.18

The features’ characteristics can be defined as being com-
prised of a central peak circumscribed by a trough region,
which is in turn surrounded by a ring of raised material as
shown in Fig. 7�b�. Figure 7�a� shows the corresponding de-
pendence of the volume change in each feature component
�i.e., the peak, trough, and ring� with bias voltage for features
created using the sharp tip �5 nm�. Every data point is cal-

(a) (b)

(c) (d)

100 nm 100 nm

400 nm 500 nm

(e) (f)500 nm 500 nm

(g) (h)500 nm 500 nm

FIG. 6. �Color online� Comparison of raised nanostructures pat-
terned on a 10-nm SBR film using ZAM protocol �ZAM lift up
from 1 to 100 nm.� with two different tips. ��a�-�d�� “Standard” tip
with radius 20 nm. �a� A 45-nm-wide and 1.4-nm-high dot; The tip
bias was −8 V. �b� A 51-nm-wide and 1.2-nm-high dot; tip bias
was −15 V. �c� A 118-nm-wide and 3.0-nm-high dot; tip bias was
−20 V. �d� Two concentric rings 307-nm wide: The central peak
and the outer ring are 1.6-nm high; The tip bias was −25 V. ��e�-
�h�� “Sharp” tip with diameter 5 nm. �e� Two concentric rings
200-nm wide: The central peak and the outer ring are 0.9-nm high;
The tip bias was −15 V. �f� Two concentric rings 240-nm wide:
The central peak is 1. 6 nm and the outer ring is 0.7-nm high; Tip
bias was −20 V; �g� Two concentric rings 330-nm wide: The cen-
tral peak and the outer ring are 1.7-nm high; Tip bias was −25 V;
�h� Two concentric rings 420-nm wide: The central peak and the
outer ring are 1.5-nm high; Tip bias was −30 V.
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FIG. 7. �Color online� �a� Feature element volume dependence
on applied voltage; �b� illustration of volume measurement from
AFM image. The feature is bisected for clarity. The ring volume
was calculated as the volume between the yellow intersecting plane
and the measured surface. The peak volume was calculated as the
volume between the blue intersecting plane and measured peak sur-
face. Trough volume was determined by calculating the volume
below the intersecting plane �not shown� going through the average
height of the ring and measured surface.
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culated from at least three different features and the average
is presented in this plot. In order to calculate the volume of
the components of features, the image data was intersected
with reference planes at specific levels—as indicated in Fig.
7�b�. The yellow plane is assumed to be at the average sur-
face height and the blue plane is at a depth corresponding to
the bottom of the trough. Using these reference planes, we
define the volume of the ring as its volume lying above the
yellow plane, while the volume of the peak is its volume
above the blue plane. The trough volume was defined as its
volume enclosed between the yellow and blue planes. As can
be seen from the Fig. 7�a�, the ring and trough volumes are
very similar, supporting the hypothesis of mass redistribution
by the electric field. It also shows that there is a little or no
polymer ablation. The peak volume does not change signifi-
cantly, which shows that there is no influx of material to the
peak region and that the trough is as deep as the film thick-
ness.

Analysis of the peak formation using the normal tip
shows that the peak volume increases with increased voltage.
The difference between the ring and trough volumes is
greater for features produced by the normal tip. Analysis of
peaks formed on thick films shows that—in the range of
investigated voltages—it has not been possible to form peak-
ring type features, which suggests that the main process gov-
erning feature formation is mass transport in the electric-field
region.

Figure 8 illustrates the explanation for this conclusion.
Peaks are formed at the initial stage of the process and as it
proceeds further deformation of the polymer film surface oc-
curs under the AFM tip. This deformation is possible because
the polymeric liquid behaves as a non-Newtonian fluid12,17 in
the region around the formed peak. In order to support con-
tinuous peak growth, material has to be drawn from beneath
the peak or the surrounding area. In the case of thick films,
there is enough material beneath the peak such that there is
no significant increase in the peak’s width under the investi-
gated field strengths. However, in case of thin-film samples,
deformation of the polymeric film surface leads to a redistri-
bution of material around the peak and there is an insuffi-
cient source of available polymer to support the quick
growth of the peak. As a result, the material surrounding the
depleted region is drawn instead to form the peak. It is also
observed that the outer diameter of the trough varies only by
about 150 nm �from 250 to 400 nm� for ring peak features
formed by a sharp tip ring peak and that the features beside
the outer rim of the trough becomes steeper with increasing
voltage. This shows that the material from which the ring is

formed comes from the trough area and the area surrounding
the ring. This could also explain the weak dependence of
trough outer diameter on applied electric-field strength.

IV. SUMMARY

The data presented here show that it is possible to create
stable surface features on an essentially liquid surface where
natural molecular relaxation rates are much higher than that
of AFM measurement capabilities. However, it has also been
demonstrated in the past that nanostructures can be patterned
in such polymer films as polystyrene and poly�methyl-
methacrylate� due to the plastic deformation of the surface at
the nanoscale.19 The fact alone that the surface features are
observed proves that cross-linking of SBR molecules has
occurred. An abundance of experimental data collected in
this work indicates the cross-linking in SBR at the nanoscale
in the presence of an electric field of sufficient magnitude.
The AFMEN technique8 is particularly well suited for the
creation of the observed surface features as it has the capa-
bility to provide extreme �108−109 V m−1� localized electric
fields, which cannot be easily obtained otherwise. Results
show that the geometry of the observed features, formed by
cross-linking of SBR under an AFM tip, depends on the ap-
plied electrostatic field strength. Furthermore, the features
remain intact for long periods of time.
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