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Abstract

A time-resolved method for tip’ retraction at ps-scale away from dielectric surfaces has been developed. Analysis of the forces in the
system comprising AFM tip, water meniscus, and polymer film suggests that an electrostatic repulsion of the tip from the surface in
the double-layered (water and polymer) system, and water condensation in the tip—surface junction are the dominant factors enabling the
mechanical work for tip retraction. Nanostructures of 5-80 nm height are formed in polymeric surfaces as a result. This interesting
physical phenomenon could be used for nanostructures patterning in polymeric materials at enhanced aspect ratio.

© 2006 Elsevier B.V. All rights reserved.
PACS: 68.37.Ps; 81.16.Nd; 68.47.Mn
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1. Introduction

The formation of structures that are an order of
magnitude larger (10-80nm) than the distance between
an atomic force microscope (AFM) tip and various
surfaces in response to an applied electrostatic potential
have yet to receive an adequate physical explanation, even
though such features have been reported on polymer,
silicon, and metal surfaces. In some manifestations of
scanning probe microscopy (SPM) when a bias is applied
between tip, and substrate, the height of the feature formed
in the substrate substantially exceeds the initial tip—surface
separations—at times by over an order of magnitude and
larger. This has been observed for diverse systems
including semiconductors [1,2] and recently in polymers
[3,4] including conductive polymers [5], but the origin of
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the force leading to tip retraction has not been adequately
accounted for. To understand this peculiar SPM tip
behavior is important on the reasons of nanofabrication,
surface characterization based on SPM [6], and also for
instrumental development of novel AFM systems.

The goal of this work is to study the nature of AFM tip-
dielectric spontaneous repulsion through the balance of
forces involved in this process, and to identify the key
factors responsible for this process. Complete understand-
ing of the process is complicated by the fact that the specific
spatial details of the tip—surface contact profile as well as
cantilever motion with applied bias is exceedingly difficult
to observe and quantify. Although in this study we
primarily concentrate on experimental aspect of this
process in polymers, the associated conclusions are
generally applicable to bio-macromolecules and self-
assembled monolayers. We shall analyze temporal beha-
vior of AFM tip through the vertical deflection transients.
The features are patterned in polymeric surface through
nanoscopic soft condensed matter transport with a biased
AFM tip retraction from the surface. The height of the
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features is determined by a magnitude of tip’s retraction
thus presenting a degree of AFM tip mechanical displace-
ment in close vicinity (several nanometers) of non-
conductive dielectric surface.

2. Experiment

A commercial VEECO Digital Instruments 3100 Dimen-
sions AFM with Nanoscope IV controller was used to
study tip’ erratic behavior. When voltage is applied to the
tip dwelling 0.5-5nm above the dielectric (polymeric film
spun-coated on conductive Au—Pd substrate), an electric
field of the order of magnitude 10°-10° Vm™" is induced in
tip—surface junction. The electric field between the tip and a
conductive substrate initiates current flow through the film
in the range 100 pA to 100 nA (monitored by Keithley 6485
picoammeter). This current heats polymer molecules above
the glass transition temperature, facilitating the flow of
polarized melt towards the negatively biased tip. Nanoscale
features are formed in the surface as a result of this
interaction between tip and polymer and remain frozen
after the process completed. The height of the features may
serve as a parameter for analysis of the tip’ lift-up from the
surface.

Fig. 1 depicts typical raised nanostructures in three
polymer films. In brief, these representative features: (a):
25-30nm (b): 15nm; (c): 32nm all on poly-(methylmetha-
cylate) (PMMA); (d): 520 nm; (¢): 15-25 nm on polystyrene
(PS); (f): 85nm on fluorinated poly (benzoxazole) (PBO)
were created. All the structures are greater than tip—surface
separation in contact mode, which varies between fractions
of, to several nanometers. Relative humidity affects the
height because the radius of the water meniscus around the
tip impacts the feature formation processes [7,8].

We have studied experimentally the tip temporal
behavior under applied electric voltage. The analog signal
from AFM photodetector corresponding to the vertical
deflection of the cantilever was monitored with Tektronix
TDS 220 oscilloscope (1GSs™! sampling rate). The C+ +
script linked to the AFM controlling software was used to
synchronize the oscilloscope, and to transfer the captured
deflection transients to the computer. Fig. 2 presents the
temporal dependence of the tip deflection, which is
representative of the various features of different height
formed in PS. The negatively biased AFM cantilever
retracts from the surface during the time 7, = 45pus and
then bends towards the surface during time 7, = 145 ps.
The oscillating background of the deflection signal is related
to thermal vibrations of the cantilever. Consider that
the applied voltage charges two capacitors, one correspond-
ing to the tip—substrate and the other to the cantilever-
substrate (see inset Fig. 2). The charging time (t = RC) will
be proportional to the capacitance of each capacitor.
Accounting for the geometry of a triangular lever, height
of the tip (15um), and the area under the tip apex
(3.8 x 10°nm?), the ratio of cantilever—substrate (C;) to
tip—substrate (C,) capacitances is estimated to be 3.7
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Fig. 1. AFMEN patterned structures at relative humidity varied between
40-50%: (a) Three raises in 50-nm thick PMMA (Mw~525k) of 25nm
high and 120nm wide (bias voltage —18v, exposure time 0.5s, current
—300nA), 27 nm high and 135 nm wide (bias voltage —20 v, exposure time
0.5s, current —320nA), and 30nm high and 150nm wide (bias voltage
—23v, exposure time 0.5 s, current —350 nA); (b) a single raise patterned in
PMMA of 15nm height and 100 nm width at —20V at exposure time 1s;
(c) 32nm high and 75nm wide in 35nm thick PMMA (Mw~980k) (bias
voltage —25V at exposure time 1s); (d) eight raises of height varied
between 5 and 20nm (bias voltage varied between —14 and —16V at
—0.4V step, the average current ~—60nA); (e) Four raises of height
varied between 15 and 25 nm (bias voltage varied between —17 and —20V
at —0.5V step, the average current ~—70nA) formed in 35-nm thick PS
(Mw~110k) film; (f) Anomalously high raise of 85nm height and 150 nm
width patterned in 6FPBO at —30V and 1s;. Polymer films of roughness
less than 1 nm were spun coated onto conductive Au—Pd film co-sputtered
on silicon wafer. AFM tips used in this study were highly conductive
tungsten carbide coated K-TEK tips with the apex radius of 30—40nm.

comparable to the experimental ratio of deflection times
71/7>. Thus the tip—substrate capacitor is quickly charged
and the initial deflection is directly associated with this
interaction. At longer times, the larger capacitance of the
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Fig. 2. A representative temporal dependence of the tip deflection from
30 nm thick PS film (Mw~110k). The tip was biased at —41V for 280 us
using rectangular pulse shape starting at 360 ps as indicated by the dotted
vertical line. The rise time of the voltage source is below 5Spus. Inset:
a schematic presentation of the two-capacitor system formed by
tip—dielectric-conductor, and lever—dielectric-conductor layers.

cantilever—substrate dominates, leading to an attraction
between the negatively charged lever and positive substrate,
and associated reduction in the vertical deflection signal.

3. Results and discussion

The original explanation of an abrupt tip deflection was
based on the fact that in AFM constant force mode, the
enabled feedback retracted the AFM tip from the surface
allowing the polymer melt to flow toward the biased tip
forming unusually high nanostructures. However this still
implies the raising polymer must exert force on the tip to
cause deflection so that the feedback loop engages tip
retraction. The features form also when the AFM feedback
loop is disabled and the tip “pulls itself up” from softened
polymer surface. The key question is what is the source of
the initial spontaneous tip retraction (during time
T, = 45 us) when a bias is applied across the gap?

We are concerned with the terms contributing to the net
force F between a biased tip and a dielectric surface:
F = Fg + Fw + Fv. Here Fg and Fy present the electro-
static and Van der Waals contributions, respectively, and
Fy collects the contributions related to the water meniscus.
The analytical solution based on the method of images for
the electrostatic problem comprising an electrically biased
tip and a thin dielectric film [9] provides the expression for
electrostatic term Fg calculated from the image charge
distribution in the following form:

o0

—eep M2 n"
FE—naOVR<h2 (l n)g(a(n+l)+h)2>' (1

Here, V is the bias voltage, a is the polymer film thickness,
h=1t+ R, tis the tip—surface distance, R is the tip radius,
and n = (&2 — &1)/(e2 + 1), with ¢; as the dielectric constant
of the polymer film and & as the effective dielectric
constant of the water meniscus, which is a function of the
electric field because of dielectric saturation. For small
fields the dielectric response of water is linear with g, = 80.
The dielectric saturation becomes substantial as the field
grows stronger than 10-10° Vm ™! resulting in decrease of
& with the field down to value of 2. The molecular
dynamics simulations provide insight into dielectric satura-
tion phenomena [10]. We treat ¢, as an effective constant
for the calculation of electrostatic force. The two limiting
cases of (1) are of interest. In thick dielectric film at small
tip—surface separation, the expression (1) is reduced to:

1 3nQ?

dmeo 417 &)

FE|h<<a =

This force corresponds to the interaction between the
charges Q and nQ, where the charge Q = 4ng RV, is
located at the distance /& above and below the boundary of
a semi-infinite dielectric layer &;. The force is repulsive
(e2>¢;, n>0), implying the tip retracts from a dielectric
surface at small separations ¢. In the opposite limit, when
the tip—surface separation ¢ exceeds significantly the
dielectric film thickness a, expression (1) is reduced to

2

oS o)

ey 4h
indicating on the long-range electrostatic attraction be-
tween the biased tip and the conductive substrate.

Fig. 3 depicts the variation of the electrostatic force Fg
with respect to ¢ for the different values of &,. It clearly
suggests a dominant electrostatic repulsion at close

FElpsa =
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Fig. 3. The variation of the electrostatic Fg (curves 1-3) and Van der
Waals Fy (curve 4) forces with respect to ¢. The typical values were used:
the tip’s radius R = 30nm; the polymer film thickness @ = R; the bias
voltage V' = —30 V; ¢, = 2.5 (PS). The values of &, were: 5 (1) solid line; 20
(2) dashed line; 80 (3) dash—dot line. The line 5 corresponds to the bending
force of the cantilever at the spring constant of 0.35Nm™".
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tip—sample separations (less than 50nm) for the whole
range of the admissible & values. The Van der Waals
attractive force, Fy, acting between the flat sample surface
and the tip of radius R separated by the distance ¢, is given
by: Fw = —AR/12¢%. The value of the Hamaker constant A
for condensed matter is typically in the order of 107!°J,
corresponding to the negligibly small contribution (pre-
sented as curve 4 in Fig. 4) in comparison to the
electrostatic terms.

The free energy analysis for the system comprising a
biased AFM tip, water meniscus, and dielectric surface
suggests [11] that Fy; is dominated by water polarization in
the external electric field. The force Fy; is repulsive: water
tends to condense in the tip—surface junction by increasing
t and lowering the free energy of the system [11]. The total
tip—sample repulsive force results in the cantilever bending
away from the surface thus establishing the tip—sample

S, nm

4 L - L
35 40 45 50 55

(a) Bias voltage, V

12

10
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Fig. 4. Experimental dependencies of: (a) the deflection factor J as a
function of the bias voltage V; (b) nanostructure height patterned in
polymer film versus deflection factor 6 for PS (30nm thick film,
Mw~110k). The values of ¢ were determined from the deflection signal
transients presented in Fig. 2.

separation ¢ comparable to the tip’s radius. The value of ¢
depends on parameters such as bias voltage V, dielectric
constants &, and &, polymer film thickness @, and
cantilever spring constant. The analysis [11] also suggests
that ¢ mostly depends on the tip bias } and cantilever
spring constant. The variations of ¢ with respect to the
dielectric constants, and polymer film thickness found to be
less pronounced.

The free energy analysis accounting both electrostatic
and meniscus contributions, Fg and Fy;, predicts a nearly
linear increase of the tip deflection with the bias voltage.
Fig. 4 presents an experimental dependence of the
deflection factor é on the tip’s bias voltage V for 30 nm
thick PS film. The linear trend agrees well with the
calculation [11]. The height of the patterned nanostruc-
tures, in turn, was found to be linearly proportional to the
deflection factor . It should be noted that the observed
trend in topographical height is related indirectly to the
variation of the tip deflection parameter J [12].

4. Summary

There are three outcomes from this consideration.

The first outcome is the physical explanation of biased
AFM tip’ deflection from dielectric surfaces. The analysis
of the forces in the system indicates that the equilibrium
distance is comparable to the tip’s radius. It suggests that
the spontaneous tip lift-up is associated with the tip’
electrostatic repulsion from the surface in the double-
layered (water and polymer) configuration. Another reason
is related to the volume of water penetrating in the
tip—surface junction. Thus the peculiar behavior of the
AFM tip can be attributed to energy transfer from
electrostatic field to the potential energy of AFM
cantilever.

The second outcome is a simple method for resolving
temporal behavior of the system comprising AFM tip and
cantilever. The experimental data collected in this work
indicate initially fast (shorter than 50 us) deflection of the
biased tip away from the surface. A spontaneous lift-up of
the tip has been monitored experimentally and found to be
proportional to the height of nanostructures raised in films.
The method allows investigate a real tip—surface dynamical
response separately from the response associated mainly
with electrostatic attraction between AFM lever and
arbitrary surfaces.

The third outcome of this study is practical aspect of the
effect of tip” abrupt retraction for nanosructures formation
in dielectrics for data storage applications. The data
storage in this century will apparently be based on
magnetism but in several decades an existing magnetic
data storage technology will be pushed to the limit. The
alternatives to magnetic data storage could become
different media (such as polymers), and techniques (such
as holographic methods). For polymers, the ability to
reshape the surface topography, in contrast to removing or
depositing material, has created possible alternatives to



S.F. Lyuksyutov et al. | Ultramicroscopy 106 (2006) 909-913 913

magnetic-based technologies for multiple read—write sto-
rage media. The majority of polymer-patterning techniques
are based on the spatially selective removal, formation or
deposition of polymers. Our technique: AFMEN [3.4]
(atomic force microscopy-assisted (AFM) electrostatic
nanolithography) generates features by mass transport of
polymer without chemical cross-linking, polymer degrada-
tion, or ablation.
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