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Abstract This chapter describes the implementation of Proton-fountain Electric-
field-assisted Nanolithography (PEN) as a potential tool for fabricating nanostruc-
tures by exploiting the properties of stimuli-responsive materials. The merits of
PEN are demonstrated using poly(4-vinylpyridine) (P4VP) films, whose structural
(swelling) response is triggered by the delivery of protons from an acidic foun-
tain tip into the polymer substrate. Despite the probably many intervening factors
affecting the fabrication process, PEN underscores the improved reliability in the
pattern formation when using an external electric field (with voltage values of up
to 5 V applied between the probe and the sample) as well as when controlling the
environmental humidity conditions. PEN thus expands the applications of P4VP as
a stimuli-responsive material into the nanoscale domain, which could have tech-
nological impact on the fabrication of memory and sensing devices as well as in
the fabrication of nanostructures that closely mimic natural bio-environments. The
reproducibility and reversible character of the PEN fabrication process offers oppor-
tunities to also use these films as test bed for studying fundamental (thermodynamic
and kinetic) physical properties of responsive materials at the nanoscale level.

Keywords Responsive materials · P4VP · Nanolithography · Swelling · Polymer
film · pH responsive · Erasable patterns · PEN · Biomimetic materials · DPN ·
Hydrogels · Osmotic pressure · Entropy of mixing · Protonation

8.1 Introduction

8.1.1 PEN as a Method for Creating Erasable Nanostructures

The applications of tip-based nanolithography techniques that create patterns
by anchoring molecules onto a surface of proper chemical affinity – as is the
case in dip-pen nanolithography (DPN) [1, 2] – can be expanded by, alterna-
tively, triggering the formation of nanostructures out of stimuli-responsive material
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substrates. Since stimuli-responsive properties may have a reversible character,
the alternative nanofabrication approach could have concomitant implications in
bio-technology (for creating switching gates that allow manipulating the trans-
port, separation, and detection of bio-molecules, or for fabricating soft-material
nanostructures that closely mimic natural bio-environments) as well as in emerging
nano-electronics technologies (for fabricating low-cost and low-voltage operation
integrated logic circuits in flexible substrates). The potential technological impli-
cations that can be brought by harnessing the fabrication of nanostructures out of
stimuli responsive materials underlines the interest for developing Proton-fountain
Electric-field-assisted Nanolithography (PEN). In PEN the formation of nanostruc-
tures is triggered by the localized injection of protons into the substrate, with the
charge-transfer from a sharp tip into the substrate being better controlled by the
application of an external electric field. The development of PEN is thus conceived
within the context of emerging developments in materials science and molecular
engineering [3] that pursue the design of devices that rely on the transduction of
environmental signals.

8.1.2 PEN in the Context of Emerging Biomimetic Engineering

Inspired by the multi-functional inner working properties of living cell mem-
branes [4], including the surprising sensitivity of their dynamic response to the
mechanical properties of surrounding material [5], a current focus in biomimetic
materials constitutes the development of versatile synthetic thin films that can selec-
tively respond to a variety of signal interactions (mechanical, chemical, optical,
changes in environmental conditions, etc) [6]. In one approach, the complex syn-
thetic hierarchy needed to eventually mimic nature is conceived as a combination
of functional-domains separated by stimuli-responsive polymer thin films regulat-
ing the interactions between the domain compartments [7]. In another approach, the
cell is conceived not just as a chemical but also as a mechanical device [8], for it
is found that the cell membrane is very sensitive to the mechanical properties of
its surrounding matrix (affecting their growth, differentiation, migration, and, even-
tually, apoptosis) [9, 10], which has triggered an interest in the development of,
for example, synthetic polymer scaffold for regenerative medicine [11, 12]. Both
approaches, mentioned above, emphasize the need for harnessing the fabrication of
synthetic thin film responsive materials.

The different approaches to biomimetic materials have resulted in the design
of a variety of responsive building blocks (gels [13], brushes [14], hybrid systems
with inorganic particles [15]) that respond selectively to different (pH [16], temper-
ature [17, 18], optical [15, 19], and magnetic [20]) external stimuli. Following the
“bottom-up” route, functional materials have been prepared based on self-assembly
of polymeric supramolecules [21]. Progress following the alternative “top-down”
approach includes the fabrication of stimulus responsive polymer brushes [22],
growth of polymers from previously DPN-patterned templates [23], and chain



8 Proton-fountain Electric-field-assisted Nanolithography (PEN) 301

polymerization of monomolecular layer by local stimulation using a STM tip
[24, 25] (followed up by investigation of their working principle [26]). PEN falls in
the top-down category approach. In the next section, we concentrate our description
on hydrogels [27], since the latter describes closer the experimental results obtained
in current applications of PEN.

8.2 Underlying Working Mechanisms of Swelling in Hydrogels

This section provides a succinct summary of the main theoretical results underlying
the working mechanisms involved in the swelling of hydrogels, where the concept of
entropy plays a key role. In particular, it is worth to highlight the peculiar theoretical
framework brilliantly introduced, time ago, by Paul J. Flory [28, 29] for analyzing
polymer solutions; although his models have been refined, the essence of his clever
approach is still used. Given the expected complexity of these polymer structures,
it results interesting to realize the conceptual similarities between (a) the analysis
of a much simpler liquid-vapor system in equilibrium [30, 31], and (b) the analysis
of the more complex (hydrogel) polymer solution [32] (see Fig. 8.1 below). For
comparison and illustrative purposes both analyses will be presented here.

A hydrogel refers to a flexible (typically) hydrophilic cross-linked polymer net-
work and a fluid filling the interstitial spaces of the network. The entire network
holds the liquid in place thus giving the system a solid aspect. But contrary to other
solid materials, these wet and soft systems are capable of undergoing very large
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Fig. 8.1 Two different thermodynamic systems studied using similar lattice model analysis.
(a) Left: Because of their different vapor pressures, a solution (water solvent + sugar solute
molecules) and a pure water solvent (separated by a membrane permeable only to solvent
molecules) generate an osmotic pressure ρgh (ρ is the density of the solution). Right: Solvent and
solute molecules considered to reside in a hypothetical lattice, for entropy calculation purposes.
The diagram on the left has been reproduced from Huang [30, p. 47] and reprinted with permis-
sion of John Wiley & Sons, Inc. (b) Left: Polymer gel system. Right: Polymer chain considered as
solute immersed in solvent, where all molecules are considered to reside in a hypothetical liquid
lattice. Figures adapted from Flory [32], Copyright @ 1953 Cornell University and Copyright @
1981 Paul J. Flory; used by permission of the publisher, Cornell University Press
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deformation (greater than 100%). Understanding the dynamic behavior of hydro-
gels is worthwhile to pursue due to their widespread implications. In particular,
the role of gels in living organism can not be exaggerated. As it is well put by
Osada and Gong [33], living organisms are largely made of gels (mammalian tissues
are aqueous materials largely composed of protein and polysaccharide networks),
which enables them to transport ions and molecules very effectively while keeping
its solidity.

What drives the swelling in a hydrogel? One of the potential mechanisms can be
described in terms of the osmotic pressure (an entropic driven phenomenon), which
help us understand how the additional entropy of mixing (afforded by an increase in
the system’s volume due to the absorption of water by the polymer network) is coun-
teracted by a restoring force (also of entropic origin, since a lager dimension afford
less polymer configurations) from the network itself. This osmotic pressure refers to
the same type of phenomenon underlying the lower vapor-pressure displayed by an
ideal solution (solvent + non-volatile solute) when compared to the vapor-pressure
of a pure solvent. Since the latter constitutes a much simpler and familiar process,
we conveniently include its (brief) description in the next paragraph. More specif-
ically, we address the dynamics involved when a solution (water solvent + sugar
solute) and pure water solvent are separated by a semi-permeable membrane, which
can help us gain knowledge about the osmotic pressure concept. The entropy of mix-
ing involved in this phenomenon is described in the framework of a lattice model
(one in which solute and solvent molecules are considered to reside on the sites of
a hypothetical lattice, the latter used as a resource that facilitates the calculation of
the solution’s entropy). This approach will allow us to get familiar with lattice mod-
els, which are frequently used to describe polymer solutions (hydrogels). In short,
we try to view the dynamics of hydrogels through the same prism used to view the
equilibrium conditions of (water solvent + sugar solute) solutions.

8.2.1 The Osmotic Pressure in Ideal Liquid Solutions

The generation of a pressure difference (the osmotic pressure πosmotic) across two
phases as a consequence of their different vapor pressure is illustrated in Fig. 8.1a
(see diagram on the left side). Phase-A (pure solvent water) and phase-B (solvent
water + solute of sugar molecules) are separated by a membrane that allows the
passage of water molecules but not the larger solute molecules [30]. It is an exper-
imental fact that a dynamic equilibrium (i.e. equal rate, in both directions, of water
molecules passing across the membrane) is reached when a hydrostatic pressure
difference (the osmotic pressure πosmotic) is established between the two phases.
(Conceptually, the underlying mechanism at play here is that a water molecule in
phase-B contributes greater to the total entropy than when inside the pure water
phase-A; hence a net flow towards the former increases the total entropy.) The
question to address is how to quantify this pressure difference.
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8.2.1.1 Chemical Potentials of an Ideal Solution and a Pure Solvent

A formal description of the osmotic pressure [30, 31] takes into account the fact
that under initial conditions of equal pressure P, the chemical potential μA

water,P of
water in phase-A (pure solvent water) is greater than the chemical potential μB

water,P
of water in phase-B (as it will be justified in the next paragraph and the next sec-
tion below). Hence, when the phases are separated by a membrane permeable only
to water, this constituent will not be in equilibrium and a net passage of water
molecules from phase-A to phase-B is expected. As more water passes to phase-B
the pressure increases and so does the chemical potential. Equilibrium with respect
to the water constituent will then be established when μB

water,P2
(the chemical poten-

tial of water in phase-B, at the increasing pressure P2) becomes equal to μA
water,P1

(the chemical potential of water in phase-A, at pressure P1) [31]. The thus developed
pressure difference (P2 – P1) is referred to as the osmotic pressure, πosmotic.

To find a relationship between the change in chemical potential and the osmotic
pressure, let’s resort first to the extensive properties of the thermodynamic poten-
tials [34] (namely, when the amount of matter is changed by a given factor, they
change by the same factor). A particular important relationship is obtained when
this property is applied to the Gibbs free energy G = G (T, P, N). In effect, being the
temperature T and pressure P intensive quantities, G has to have the form

G = Nf(T , P),

where N is the number of particles of the analyzed system.
Since dG = –S dT + V dP + μ dN and μ = (dG/dN)T,P, the extensive property

G = Nf(T , P) implies that μ is only a function of T and P; that is,

μ = G/N = f(T , P).

Accordingly, μ is the Gibbs free energy per molecule, and it is a quantity
independent of N.

Thus,
d(G/N) = dμ = −(S/N)dT + (V/N)dP,

which implies,
dμ

dP
= V/N.

This expression is pertinent to the quantification of the osmotic pressure. In effect, it
reflects the change in chemical potential due to an increase in pressure, �μ =(V/N)
�P (where it has been assumed that the volume does not change with pressure).
Using v ≡ (V/N), one obtains μB

water,P2
− μA

water,P1
= ν(P2 − P1), or,

μA
water,P1

− μB
water,P2

= νπosmotic (1)
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8.2.1.2 Lattice Model for Calculating the Entropy of Mixing
in Ideal Liquid Solutions

An explicit calculation of the chemical potential difference, in terms of the number
of constitutive molecules, can be derived by starting (at the most fundamental level)
from a relatively simple combinatorial analysis of dissimilar solvent (water) and
solute (sugar) molecules allowed to reside on the sites of a hypothetical lattice (see
the diagram at the right in Fig. 8.1a) [32], the latter introduced basically to facilitate
the calculation the system’s entropy of mixing �Smix. In this lattice framework,
the increase in the system entropy resulting from mixing N solvent and n solute
molecules is given by �Smix (N,n) = k ln[(N + n)!/N! n!]. For large values of N
and n one can use the well known Stirling’s approximation that gives ln n! = n
ln n – n ≈ n ln n, or n! ≈ nn. Using this approximation, �SM adopts the form
k ln[(N + n)(N+n)/NNnn], or

�Smix(N, n) = − k (N ln fN + n ln fn) (2)

where fN ≡ N/(N + n) and fn ≡ n/(N + n) are the mole fractions of solvent (water)
and solute (sugar) in the solution, respectively; k is the Boltzmann constant.

The Gibbs free energy has the general form G = E + PV – TS = μN. When
applied to the system in phase-B (of N solvent and n solute molecules) at pressure
P2 and temperature T, one obtains,

Gphase−B(T , P2, N, n) = Gpure
water(T , P2, N) + Gpure

water(T , P2, n) − T�Smix(N, n) (3)

where the first two terms on the right hand side are the Gibbs energy of the corre-
sponding components in their pure state (we are assuming an ideal solution, so the
components do not interact).

The chemical potential of the water component in phase-B will then be given by,

μ
phase−B
water (T , P2,N, n) = dGphase−B

dN
(T , P2, N, n)

= dG
pure
water

dN
(T , P2, N) − T

d

dN
�Smix

= dG
pure
water

dN
(T , P2, N) + kT

d

dN
(N ln fN + n ln fn)

μ
phase−B
water (T , P2, N, n) = μ

pure
water(T , P2, N) + kT ln fN (4)

For phase-A, which is constituted by pure water at pressure P1,

μ
phase−A
water (T , P1, N, n = 0) = μ

pure
water(T , P1, N) (5)
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At equilibrium, μ
phase−B
water (T , P2, N, n) = μ

phase−A
water (T , P1, N, n = 0). Therefore,

expressions (4) and (5) lead to,

μ
pure
water(T , P2, N) − μ

pure
water(T , P1, N) = −kT ln fN (6)

Replacing (6) in (1) gives,

πosmotic = −kT

ν
ln fN = − kT

V/N
ln fN (7)

Incidentally, since we are working with solution where fn << 1 and thus ln fN =
ln(1 − fn) = −fn, useful equivalent formulas can be obtained,

πosmotic = kT

V/N
fn (for a dilute solution) (8)

or, by expanding further fn, one gets πosmotic = kT
V/N

n
n+N ≈ kT n

V .

πosmotic ≈ kT
n

V
= RT

moles of solute

V
= RT

MW

mass of solute

V
(9)

where n is the number of solute molecules in a volume V, and MW is the solute’s
molecular weight.

8.2.2 Lattice Model for Describing Ideal Polymer Solutions

The basic results displayed by expressions (2) and (7) constitute a proper start-
ing step for describing more complicated (and apparently unrelated) cases like, for
example, a cross-linked polymer network interacting with a pool of water, i.e. a
hydrogel. The elegant twist in the coming description lies in considering the polymer
network as the solute1 [32, 35]. That is, the trend of analysis using a hypothetical
lattice conveniently remains the same; hence the observed similarity between the lat-
tice displayed in Fig. 8.1a (used to analyze a liquid solution system) and the lattice
in Fig. 8.1b (used to analyze a polymer solution) [36, 37]. In the latter, one poly-
mer molecule is considered to be a chain of x segments, each segment (arbitrarily)
considered equal in size to a solvent molecule. The objective becomes calculating
the entropy of the polymer solution resulting from the different configurations that
can be arranged with n1 molecules of solvent and n2 polymer molecules in a lattice
containing (n1 + x n2) cells.

1Lattice models of polymer solutions are widely used for their simplicity and computational con-
venience. Their use for predicting solution properties of polymers solutions dates back to the
1940s.
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8.2.2.1 Lattice Model for Calculating the Entropy of Mixing

For the case of a polymer solution the calculation of the entropy can be conceived by
counting first the different permutations associated with a given configuration of the
polymer molecules (assuming no solvent molecules were present), and then adding
the configurations resulting from their mixing with the solvent molecules (polymer
segments and solvent molecules replacing one another in the liquid lattice). While
the former is expected to contribute more effectively in a process of polymer fusion,
here the interest focuses mainly on the entropy of mixing. The latter takes, quite
surprisingly again, a very simple form [29, 32],

�Smixing= −k(n1 ln v1 + n2 ln v2) (10)

where v1 and v2 are the volume fractions of solvent and solute respectively,

v1 = n1/(n1 + xn2)

v2 = xn2/(n1 +xn2)

Notice the similarity between expressions (2) and (10), except that volume fractions
appear in the latter formula (mixing of molecules of different size) instead of mole
fraction in the former (mixing of molecules of the same size).

8.2.2.2 The Heat Energy of Mixing �EM, the Excluded Volume Effect,
and the Helmholtz Free Energy �FM

Given the fact that the dynamics of a polymer solution depends not only on the
entropy but also on the energy of the system (the Helmholtz free energy F = E –
TS has to be minimum) this latter aspect is addressed in this section. In fact, the
interactions between the water and the polymer molecules in a hydrogel make the
polymer network a highly non-ideal thermodynamic system, where the cross-linked
network structure plays an important role in determining the equilibrium aspects
of the gel. In principle, any realistic model then has to take into account the inter-
molecular interactions due to the close proximity of the molecules, although some
approximation can be applied depending on the temperature range being considered.
On one hand, at relatively low temperatures a net attractive interaction between
the monomers prevails, resulting in a net negative energy of the polymer system.
On the other hand, at higher temperatures the repulsive interaction between the
monomers when they are at very short distance (implicitly reflecting the fact that
a monomer can not supplant the space already occupied by another monomer, a
phenomenon better known in the jargon of polymer science as “excluded volume
effect” or “excluded volume interaction”) [38] will lead to a net positive energy of
the polymer system. Below we provide some expressions that quantify this energy
contribution.
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In the lattice model, where each cell is able to accommodate either a solvent
molecule or a polymer segment, the heat of mixing results from the replacement
of some of the contacts between like-species (1-1 or 2-2) with unlike-constituents
(1-2). If �w12 represents the change in energy when one of these replacements
occurs, then the heat associated with the formation of a particular configuration
having p12 unlike-neighbors will be equal to �EM = p12 �w12.

For the calculation of p12, it is plausible to assume that the probability a particular
site adjacent to a polymer segment is occupied by a solvent molecule to be propor-
tional to the volume fraction v1 of the solvent. On the other hand, if the number of
cells which are first neighbor to a given cell is z (here z is expected to be on the order
of 6–12), then zx is the number of contacts per polymer molecule, and zxn2 would
be proportional to the total number of contacts. p12 turns out to be then proportional
to (zxn2)v1. On the other hand, using the definition v2 = xn2/(n1 + xn2), one obtains
n1v2 = xn2 n1/(n1 + xn2) = xn2 v1. Hence, �EM = p12 �w12 ∼ (zxn2)v1�w12 = (z
v2 n1)�w12 = (z �w12) n1 v2. This result is typically expressed as,

�EM = kT χ1 n1 v2 (11)

where the quantity kTχ1≡ z �w12 characterizes (for a given solute) the interaction
energy per solvent molecule.

As mentioned above, at relatively low temperatures the net contribution from
this term has a negative value. However, at relatively high temperatures, it was
pointed out early on by Flory that the interpretation of χ1 should be expanded as
to include also other potential interactions between neighboring components that
could have concomitant (positive value) contribution to the Helmholtz free energy.
The new interpretation relates χ1 to the number of pair-molecules collisions [38],
which should be proportional also to the number of pair contacts developed in the
solution, just as for the heat exchange.

Using (10) and (11), the Helmholtz free energy of mixing is given by [32],

�Fmix = �Emix −T �Smix

= kT( χ1 n1 v2 + n1 ln v1 + n2 ln v2 )
(12)

8.2.3 Swelling of Neutral Polymer Networks

Notice that the above formulation basically describes the mixing of two liquids;
the view of a polymer network held up by its cross-links has not appeared yet.
The calculation given in (12), however, is a good initial step towards calculating
the structural entropy of network formation. The latter was originally done in a
very clever way by Paul Flory and John Rehner in their seminal papers [28, 29]
(latter improved by Flory) [36], who modeled the cross-linked network as a system
composed of v polymer chains of the same contour length (a chain counted as a
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polymer thread between two cross-link intersections), with the location of the cross-
link points positions defined, on average, on the vertex of a regular tetrahedron [28].
Any external distortion of the network (swelling, for example, due to the mixing of
the polymers with a solvent) would be monitored by the distortion of this average
tetrahedron cell.

In the Flory’s description, the first step consists of calculating the different con-
figuration that results from the dilution of v (short) polymer chains (prior to the
cross-linking) with n solvent molecules. This is given by expression (10), with v
playing the role of n2,

�SD= −k

(
n1ln

n1

n1 + xv
+ v ln

v1

n1 + xv

)
(13)

This is followed by a more elaborated calculation of the additional entropy corre-
sponding to the different configurations that lead to the formation of a network of
tetrahedron cells in a sea of solvent molecules.

�Sv′=�SD + �Snetwork of tetrahedron cells (14)

Here the sub index V′ stands for the final total volume of the swollen polymer net-
work due to the mixing of the polymer with the solvent molecules. The objective
here, however, is to calculate the net change in entropy �Sswelling due just to the
swelling; that is,

�Sswelling = �Sv′ − �Sv (15)

where �SV stands for the entropy of the network when no solvent molecules are
present. The result, in terms of the volume fraction v2 = x v/(n1 + xv), is given by
[36],

�Sswelling= −kn1 ln (1−v2) − 3

2
kv[(1/v2)2/3 − 1] − 1

2
kv ln v2 (16)

Entropy of mixing elastic entropy arising from the
polymers and solvent deformation of the network

This expression reflects the contribution to the entropy from two different sources.
Before dilution with the solvent molecules, the configuration of the network corre-
sponds to one of maximum entropy, hence any deformation (due to swelling) would
lead to a configuration of comparatively lower entropy. The latter then competes
against the tendency for an entropy increase caused by the addition of solvent (and
volume) that favors the creation of new configurations. Expression (15) embod-
ies then the physical mechanism underlying the swelling process in an uncharged
hydrogel. Using (11) and (15), the change in free energy is given by, �F = �EM –
T �Sswelling. Equilibrium is governed by the condition �F = 0.
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8.2.4 Swelling of Ionic Polymer Networks

Another potential channel for causing a polymer network to swell is the exis-
tence of charge centers, or molecular groups, which can strongly interact among
themselves and with other ions contained in the solvent. That is the case in a
poly(4-vinylpyridine) (P4VP), whose pyridyl groups can react with hydronium
ions H3O+ thus forming positively charged nitrogen centers (N+). The situation is
depicted in Fig. 8.2. If the fixed pyridinium cations were the only ions present there
would be an exceedingly large electrostatic repulsion, but such interaction is par-
tially screened by the presence of counterions resulting from the dissociation of the
phosphate salts in water,

NaH2PO4 → Na+ + H2PO−
4

H2PO−
4 + H2O � H3O+ + HPO2−

4 K = 6.31 × 10−8

HPO2−
4 + H2O � H3O+ + PO3−

4 K = 3.98 × 10−13

(17)

where K stands for the corresponding dissociation constants.
Notice in Fig. 8.2 that the equilibrium between the swollen ionic polymer net-

work and its surroundings resembles the situation depicted in Fig. 8.1a where
a membrane prevents the solute sugar molecules from entering the pure solvent
region. In this case, the polymer acts as a membrane, preventing the charged ions
from freely diffusing into the outer solution, establishing a higher concentration of
mobile ions inside the network than in the outside (mainly because of the attrac-
tion of the fixed ions). There thus exists an associated osmotic pressure arising
from the difference in mobile ion concentration. Consequently, in addition to the
swelling caused by the entropic mixing of polymer and water solvent, the fixed
charges and counterions produce an additional driving force for the network to
swell.
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Fig. 8.2 Schematic
description of an exchange of
ions and solvent between a
P4VP polymer network and
its surrounding electrolyte.
Adapted from Flory [32],
Copyright @ 1953 Cornell
University and Copyright @
1981 Paul J. Flory; used by
permission of the publisher,
Cornell University Press



310 A. La Rosa and M. Yan

8.3 Fabrication Procedure

8.3.1 Preparation of the P4VP Responsive Material

In a typical procedure, a solution of P4VP (molecular weight ca. 160,000) in
n-butanol (10 mg/ml) is prepared with the reagents used as received. Silicon wafers
with a native oxide layer are cut into square pieces ∼ 1 cm × 1 cm, and subsequently
cleaned either by sonication in isopropyl alcohol for 15 min, or, alternatively, by
immersion into piranha solution for 60 min at 80◦C followed by thorough cleaning
in hot water. (Caution: the piranha solution reacts violently with many organic sol-
vents.) Subsequently, the P4VP solution is spin-coated onto the wafers at 2,000 rpm
for 60 s. For crosslinking purposes, the sample is irradiated with a 450-W medium-
pressure Mercury lamp (measured intensity of 5 mW/cm2) for about 5 min. The
irradiated films are then soaked in n-butanol for 24 h to remove the unbound poly-
mer. One way to estimate the thickness of the resulting film is to use an ellipsometer.
In that case, a value of 1.54 for the refractive index of the P4VP is used in the
calculation [39]. This overall procedure gives film thickness in the 60–100 nm
range.

8.3.2 Preparation of the Acidic Fountain Tip

A source of hydronium ions H3O+ (or, if desired, hydroxide ions OH– as well)
is prepared out of phosphate buffered solutions, which have the remarkable prop-
erty that can be diluted and still keep the same concentration of H3O+. Different
pH values can be obtained by dissolving corresponding quantity ratios of sodium
dihydrogen phosphate (NaH2PO4) and sodium hydrogen phosphate (Na2HPO4) in
distilled water. For example, mixing 13.8 g/l and 0.036 g/l of the two salts, respec-
tively, gives 0.1 M buffer solution of pH equal to 4.02. This acidic solution serves
as the source of hydronium ions which, upon penetrating a P4VP film, protonate
the P4VP’s pyridyl groups, as suggested in Fig. 8.3 [40]. To achieve the protonation
in very localized and targeted regions, however, PEN currently uses a sharp atomic
force microscope (AFM) tip as an ion delivery vehicle in a similar fashion to dip-
pen nanolithography [2]. For that purpose, as outlined in Fig. 8.4 , an AFM tip of
relatively high spring constant (k = 40 N/m) is coated by simply soaking the probe
into the buffer solution for about 1 min (Fig. 8.4a) and then allowing it to dry in air
for 10 min or, alternatively, by blowing it with nitrogen (Fig. 8.4b). Such fountain

2Since all phosphate salts are used in hydrated condition, the molecular weight (MW) should
include the corresponding portion of water. For NaH2PO4 we should include one molecules of
water, hence the MW is 137.99. On the other hand, for the Na2HPO4 we should consider 7
molecules of water (heptahydrate), which gives a MW of 268.07. Hence, if 13.8 and 0.036 g of
NaH2PO4 and Na2HPO4 are used respectively, then we can quote the concentration of NaH2PO4
(the buffer strength) to be practically equal to 0.1 M.
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Fig. 8.3 Schematic illustration of the reversible swelling mechanism in P4VP, suggested here to
be a consequence of the corresponding electrostatic interaction upon the protonation of the pyridyl
groups. Illustration adapted from Maedler et al. [40] and reproduced with permission of the SPIE
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Fig. 8.4 Schematic procedure for attaining spatially-localized protonation of a P4VP film resting
on a silicon substrate. After dipping an AFM tip into an acidic buffer solution, the probe is pressed
against a P4VP film. The transfer of hydronium ions from the tip to the film is aided by the presence
of a naturally-formed water meniscus (experiment performed at relative humilities above 40%).
The protonation of the P4VP’s pyridyl groups triggers the swelling response of the film. The bias
voltage helps the process to be more reliable and allows controlling the height of the features

tip constitutes the probe for delivering hydronium ions very locally over targeted
sites on a responsive material substrate.

8.3.3 Procedure for the Local Protonation

The fountain-tip is mounted on the head-stage of an AFM system,3 whose elec-
tronic station comprises lithography software for controlling the lateral scanning
of the tip along pre-determined paths, and the capability to apply a bias voltage to
the probe. The accumulated experimental results suggest that, upon bringing the
probe into contact with the polymer film (contact force of ∼1 μN), both (i) the
surrounding water meniscus that naturally forms between the tip and polymer film,

3AFM XE-120 from Park Systems Inc.
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Fig. 8.5 (a) Top-view images (10 μm × 10 μm) of two patterns formed sequentially by local
protonation of a P4VP film (no electric field was applied). The line profile displays one cross
section of the second image. (b) 3D-view of a “U” shape pattern fabricated on a 4 μm × 4 μm
region of another P4VP film (contact force = 1 μN and 5 V tip-sample bias voltage)

and (ii) the buffer concentration gradient, facilitate the transport of hydroium ions
from the tip into the polymer (Fig. 8.4c). The subsequent protonation of the P4VP’s
pyridyl groups (as suggested in Fig. 8.3) gives rise to a net electrostatic repulsion
that causes the corresponding polymer region to swell (Fig. 8.4d). However initially
successful (see Fig. 8.5a), this simple contact method unfortunately did not guar-
antee the pattern formation reproducibly. Subsequently we discovered that pattern
formation occurred more consistently when applying an electric field between the
probe and the substrate.

8.3.4 Pattern Formation

First, with the “ink” loaded tip, an atomic force microscope (AFM) is set in “tapping
imaging-mode,” where the probe cantilever undergoes oscillations perpendicular to
the sample’s surface. To obtain an initial knowledge of the “blank paper” (a UV
cross-linked P4VP polymer film), an image is taken at a relatively fast lateral scan-
ning rate (5 μm/s). The use of high rates prevents transferring the buffer molecules
into the substrate. Subsequently, the microscope is switched to “contact imaging-
mode” for pattern formation under physical parameters controlled by the operator,
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namely contact forces of the order of 1 μN, “writing” speeds up to 400 nm/s, and
fixed bias voltages up to 5 V. Features of different planar morphologies can be gen-
erated with pre-programmed software designs, which guide the voltage-controlled
XY lateral scanning of the tip while an electronic feedback-control keeps the probe-
sample contact force constant. In our case, the sample rests on a XY piezo scanner
stage that is equipped with strain-gauge sensors for overcoming piezoelectric hys-
teresis via another internal feedback control.4 The tip is held by an independent
piezoelectric z-stage, thus conveniently decoupling the sample’s horizontal XY
scanning motion from the probe’s vertical z-displacements. Finally, the microscope
is switched back to the tapping mode for topography imaging in order to verify
whether the patterns have been formed.

Figure 8.5a shows two sequentially acquired images of the first polymer struc-
tures created in our labs by exploiting the responsive characteristics of P4VP. The
cross-linked P4VP film swelled only in the areas where the phosphate “ink” was
delivered, forming two narrow-line terraces. These two images demonstrate the
ability for sequentially creating an initial pattern, then imaging the resulting sam-
ple topography with the same ink-loaded tip, and subsequently creating additional
patterns. The line profile in Fig. 8.5a reveals that both features are approximately
100 nm in height and 500 nm in width. The relatively large dimensions of these
features (compared to the finer patterns we have recently created in our laborato-
ries) may be attributed to the relatively large amount of ink initially attached to the
tip (prior to the writing process). That is, after dipping the tip into the buffer, no
nitrogen was blown out in front of the “pen” to let it dry; the latter became after-
wards a standard practice in our laboratory as a way to evaluate the reproducibility
of the fabrication method under similar conditions as possible. The line profile also
reveals the hydrogel characteristics of the patterns since the 100 nm constitutes a
substantial swelling compared to the initial 80 nm thickness of the polymer film.
Unfortunately, the reproducibility of these initial experiments was very poor from
day to day, or month to month. At the time when the structures in Fig. 8.5a were
created, no electric field was used in the experimental setting.

The reproducibility of the fabrication process greatly improves when an elec-
tric field is applied between the silicon tip and the silicon substrate (see setting
in Fig. 8.4c). Typical bias voltages are up to 5 V, which when applied through a
50 nm film sets a strong electric field ∼106 V/cm (still leaving the film apparently
undamaged). Provided that the humidity is above 40%, the patterns are consistently
fabricated with this PEN method. Figure 8.5b shows an 8 nm height “U ” shape
structure fabricated under the new procedure, by applying a 5 V bias voltage and
under 1 μN contact force. The smaller height of the structures (compared to the
ones in Fig. 8.5a) could be attributed to the minimal coating ink on the probe (nitro-
gen gas is blown on the tip right after dipping it into the buffer solution) thus a
lower number of hydronium ions diffused through the polymer network. The lateral
dimension of the line-features in both cases presented in Fig. 8.5a, b is limited by

4ibid.
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Cursor: Δx = 0.062 μm 
Δy = 2.6 nm 

Fig. 8.6 Three line features fabricated at 45% humidity using (form left to right) contact forces of
0.6, 0.9, 1.0 μN and bias voltages of 5 V, 5 V, and 4 V respectively. The line profile across the line
structure at the left displays a line feature ∼6 nm tall and ∼60 nm wide [41]

the diffusion of hydronium ions into the polymer network. Still, under smaller con-
tact forces and control of the dwelling time, line features as thin as 60 nm can be
created, as shown in Fig. 8.6 [41, 42].

The effect of applying an electric field appears straightforward in PEN (Fig. 8.7),
helping drive the positive hydronium ions into the polymer network. To provide
some context, here we mention other more sophisticated situations where the use of
an electric field turns out to be also valuable. For example, an electric field is used to
trigger specific conformational transitions switching between straight (hydrophobic)
and bent (hydrophobic) states of low-density self-assembled monolayer (SAM) of
16-mercaptohexadecanoic acid on gold, which changes the wettability of the surface
while maintaining unaltered the system’s environment [43]. Also, nanometer-scale
hydrogels, produced by surface grafting of a polymerizable monomer onto Au,
undergo reproducible changes in thickness when a potential is applied across the
film [44]. More strikingly, an infinitesimal change in electric potential across a poly-
electrolyte gel produces volume collapse in polyelectrolyte gels [45]. A broader
account on the effects of electric fields on gels has been given by Osada and
Gong [33].

The ability of PEN to create patterns having a variety of vertical dimensions
in the nanometer range can be capitalized to study molecular interactions in these
hydrogel systems with very much detail, including, for example, phase transitions.
Polymer gels are known to exist in two phases (swollen and collapsed) where the
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Fig. 8.7 (a) Pattern height
(nm) vs. applied bias voltage
(V) at various fixed contact
forces. (b) The pattern height
(nm) vs. applied contact
forces (μN) under different
constant bias voltages.
Reprinted, with permission,
from Wang et al. [42],
Copyright @ 2010, American
Chemical Society

volume transitions between the phases may occur either continuously or discon-
tinuously [46, 47]. These transitions have been studied by monitoring the swelling
as a function of different parameters (solvent quality, temperature [48], pH [49],
visible light radiation) [50, 51], which occur as a result of a competition between
intermolecular forces (repulsive forces are usually electrostatic whereas attraction is
mediated by hydrogen bonding [52], van der Waals interactions, or radiation pres-
sure [53]) that act to expand or shrink the polymer. However, these investigations
do not disclose the microscopic view of the structure of gels. While neutron scatter-
ing has been used to elucidate these interactions at mesoscopic scales [54], here we
have an opportunity to complement these studies with nanoscale-sized individual
gels fabricated via PEN.
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8.4 Comparison Between PEN and Other DPN Techniques

A characteristic of the PEN technique is the dependence of the pattern dimensions
on the positive contact force used to press the tip against the polymer film. The
greater the applied external force, the larger the pattern size. This differs greatly
from the DPN technique in which the line-width of the pattern is independent of the
contact force [55]. DPN works even under gentle negative external forces (where
the probe pulls away from the film, but the adhesion forces keep the probe attached
to the sample) simply because its underlying mechanism implies just the deposi-
tion of molecules on the surface. In PEN, however, the buffer molecules (initially
coating the AFM-tip) have to, in addition, penetrate into the polymer substrate.
Experimental results indicate that the latter occurs less efficiently with weaker con-
tact forces [56]; see also Fig. 8.7. In fact, no apparent features are formed for contact
forces smaller than 0.5 μN (at a writing speed of 80 nm/s), even when applying bias
voltages of up to 5 V [42]. Certainly, the longer the dwelling time per pixel (i.e.
slower writing speeds), the more hydronium ions diffuse into the polymer thus giv-
ing rise to larger patterns [56] which would also allow reducing the contact force.
However, extremely long dwell times would make the technique less attractive, thus,
a trade off exists between the writing speed and contact force for applying PEN
efficiently. (Implementation of PEN in a parallel modality, in order to increase the
throughput efficiency, is suggested in Section 8.5 below.)

Confirmation of a contrast difference between DPN and PEN is revealed from
test experiments aimed at providing further evidence that the pattern formation in
PEN results from the mechanical response of the polymer film and not just the
deposition of buffer molecules:

First, when scanning a non-coated tip on a P4VP film under 3 μN contact force,
no elevated features were obtained, as shown in Fig. 8.8a [56]. Only scratches
of 2 nm deep resulted from this operation, as evidenced by the line pro-
file; the cross section indicates that the observed small protuberances are the
result removed material from the scratches. This result suggests that a buffer
solution is needed for the creation of PEN patterns.

Second, an argument could be made about whether or not, when using a
coated tip, the patterns could result from the physical deposition of buffer
molecules. To refute this argument, this time the test experiment was car-
ried out using a buffer-coated tip scanned at low speed over a non-responsive
polymer, polystyrene. The result presented in Fig. 8.8b shows no pattern for-
mation, thus providing favorable evidence that features created were not just
the deposition of buffer molecules on a polymer surface, but the swelling
response of the substrate itself when using responsive materials.

Third, the results given above also favor the hypothesis of protonation. But
would the hydronium ions be the only ones diffusing into the polymer net-
work? To test this hypothesis C. Maedler et al. investigated the swollen
structures [57]. Armed with Kelvin Probe Force Microscopy as a tool [58],
and following up studies of deposition of charges in silicon [57], they
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Section analysis

(a) (b)

Section analysis

P4VP Polystyrene

Fig. 8.8 (a) Scanning along a diagonal path with a contact force of 3 μN on a P4VP film, using
an uncoated tip, produces only scratches, as revealed by the cross section line profile. (b) Image
of the resulting topography produced by a line scan on a polystyrene film (a non responsive mate-
rial) using a contact force of 2 μN and a coated tip. A cross section line profile reveals only a
scratch indent in the substrate. Reprinted, with permission, from Maedler et al. [56], copyright
2008, American Institute of Physics

corroborated to have the sensitivity for monitoring the presence of a net
charge in the polymer structures, if any. They found none. This implies that
not only the hydronium ions penetrate the polymer, but they bring with them
their corresponding counterions (see expression (17) above), thus keeping
the charge neutrality of the sample.

DPN and PEN agree on the role played by the humidity. PEN pattern forma-
tion in P4VP films under different humidity levels has been well documented by C.
Maedler [40, 56] and X. Wang [42]. No features formation occurs below 40% of rel-
ative humidity, suggesting that a water meniscus [59] naturally created between the
probe and the polymer film plays a key role. In this regard, there is a coincidence
of arguments with the DPN community that supports the hypothesis that a water
meniscus is a fundamental component for the technique to work [60]. There is evi-
dence that a liquid bridge exists even at zero humidity conditions [61]. (However,
some authors have concluded that a meniscus is not involved in DPN experiments
with certain molecules like 1-octadecanethiol [62]).

Finally, the reversibility of PEN contrasts with the, in general, non-reversible
character of DPN. An exception to this notion is observed, however, in one DPN
application where a voltage biased tip is used to create positive and negative charged
nanopatterns on 1-hexadecanethiol (HDT) self-assembled monolayers (SAMs) on
Au. The positive nanopatterns are gold oxide, which can be reduced back to gold by
ethanol ink via DPN [63]. This development followed the “molecular eraser” [64]
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where a tip with a negative bias voltage (relative to the electrically grounded sub-
strate that contain a monolayer of MHA 16-mercaptohexadecanoic acid) causes the
molecules to desorb. Thus, regions of the alkanethiol can be selectively removed,
which constitutes the pattern. The recessed areas can be refilled via DPN thus
erasing the pattern. On the other hand, PEN instead is an intrinsically reversible pro-
cess, using a base ink to erase the pillars previously formed by the acidic ink. The
reversibility of the process was elegantly implemented by X. Wang et al. [42] using
the same tip but inked with a basic phosphate buffer solution of pH 8.3, this time
without applying a bias voltage. The removal of a pre-fabricated pillar structure was
performed by keeping the tip in contact and stationary on top of the pillar. Results
showed the progressive attenuation of the height of the structure. The basic buffer
neutralizes the pyridinium converting it to the neutral pyridyl group and causing the
film to “de-swell”.

On the other hand, PEN differs from Electrochemical AFM Dip-Pen
Nanolithography [65, 66], where the tiny condensed water between the tip and
the substrate is used as a nanometer-sized electrochemical cell in which metal
salts (coating the probe) are dissolved, reduced into metals electrochemically, and
deposited onto the surface. This method was used first to deposit Pt on a silicon
substrate. The process involves coating an AFM cantilever tip with H2PtCl6 and
applying a positive voltage to the tip relative to the electrically grounded substrate
(the latter constituted by silicon with its native oxide). Despite the oxide, the con-
ductivity is sufficient for the reduction (electrons gain) of the precursor ions PtCl62–.
During the process, H2PtCl6 dissolved in the water meniscus is electrochemically
reduced from Pt(IV) to Pt(0) metal at the (cathode) silicon surface and deposits
as Pt according to the reduction reaction PtCl62– + 4e → Pt + 6Cl–. (The DC
voltages are kept in the 1–4 V; higher voltages would tend to oxidize the silicon sub-
strate and form SiO2 instead of Pt nanostructures.) Electrochemical AFM Dip-Pen
Nanolithography is therefore a technique were the deposited materials constitute the
nanostructure, similar to DPN but different than PEN.

PEN is also different from Constructive Nanolithography (CNL) [67, 68] and its
similar Electro Pen Nanolithography (EPN) [69]. Contrasting Electrochemical AFM
Dip-Pen Nanolithography (described above), whose working principle is based on
reducing (gaining of electron) a precursor ion, CNL and EPN exploit an oxidation
(loss of electron) process instead. In one application of CNL, a silicon substrate
is first coated with a 2.5 nm thick monolayer of octadecyltrichlorosilane (OTS, an
organic molecule with a methyl-terminated,18-carbon alkyl chain), which serves
as the initial blanket surface to be oxidized on specific regions by the apex of a
conductive AFM tip. The oxidation process is implemented by applying a pos-
itive bias voltage to the substrate relative to the tip (the latter kept at electrical
ground). As a result, the oxidized areas (initially hydrophobic, neutral, and inert)
become hydrophilic, negative-charged, and chemically active, forming the multi-
functional templates for post, or in-situ, surface generation of organic (insulator),
metal, or semiconductor nanocomponent features, including the implementation of a
wetting-driven patterning [70, 71]. The post pattern generation process of CNL is
elegantly alleviated in EPN where the electrically biased conductive AFM tip is
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also coated with ink (trialkoxysilane and quaternary ammonium salts), which are
in situ transferred during the scanning process as the local oxidation occurs. The
virtue of CNL and EPN is that the transfer of molecules occurs only on the regions
that have been oxidized, which can be as small as 25 nm, thus bypassing the dif-
fusion effect that limit the lateral resolution of DPN. CNL and EPN therefore have
characteristics similar to DPN, hence different than PEN, for their patterns are con-
stituted by anchoring molecules on the substrate, although a chemically modified
substrate.

PEN is more alike to Chemical Lithography (ChemLith) [72]. This tech-
nique exploits the fact that photoresist materials change their solubility upon an
acid-catalyzed chemical reaction. As an alternative to the diffraction limited pho-
tolithography method (where the photoacid generator is mixed in the resist formula
and the acid is generated by photon-initiated reactions), ChemLith delivers the cat-
alyzing acid proton source to the desired position on a negative resist film via either
a nanoimprinting method or by using an sharp stylus. In a post bake step, the resist
molecules are catalyzed to cross-link with each other, and thus become insoluble in
the final development step. Thus ChemLith nanopatterns result from a local proto-
nation process (similar to PEN) and a post baking step (the latter renders the process
irreversible, unlike PEN).

As mentioned at the beginning of this chapter, PEN joins other efforts for devel-
oping responsive materials (including polymer nano-composites [73], soft hydrogels
[3, 7] and chemically functionalized metal nanoparticles [15, 74], which may also
be driven by proton sources as well as the use of bias voltages), but putting empha-
sis into the nanoscale size regime. This PEN development occurs in parallel to
other electrochemistry SPM-based efforts for fabricating energy storage devices
[75], and, more generally, for attaining reliable surface modification using SPM
[76, 77].

8.5 Perspectives

We have introduced Proton-fountain Electric-field-assisted Nanolithography (PEN)
as a technique for fabricating erasable nanostructures that closely mimic natural bio-
environments. Its distinct feature, contrasting other DPN-based techniques, resides
in the fact that the pillar patterns are made of the substrate material itself (a polymer
film). The pattern formation results from the delivery of hydronium ions through
an acidic-fountain tip in contact with the substrate, causing the polymer film to
swell at targeted locations. In addition, the patterns can be erased with a basic-ink
loaded tip. Such a reversible character of the fabrication process could be rele-
vant to a wide range of potential applications, ranging from microelectronics (the
swollen and no-swollen states could represent the ones and zeros in a memory
device) to biotechnologies (variable size gates that open and close compartment
in micro- and nano-fluidic devices used for separation of molecules or chemical
reagents). Further, its capability for controlling the dimension of the patterns with
nanometer precision, via an electric field, offers an opportunity to use these films as
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testbed for studying fundamental (thermodynamic and kinetic) physical properties
of responsive materials at the nanoscale level. This is concomitant to the far reach-
ing goal towards developing thin film-based responsive materials that can selectively
respond to a variety of external stimuli (mechanical, chemical, optical, and changes
in environmental conditions).

Despite its current progress, PEN would benefit from further development in
order to place the technique in more solid grounds. For example, it would be con-
venient to study with more detail the effects of humidity (at different levels) in
conjunction with the application of a range of bias voltages; until now their effects
have been reported only separately. The objective would be to understand, optimize,
and to know better, the dynamics involved in the transportation of hydronium-ions
from the tip to inside the polymer network. This study would also help to elucidate
why relatively strong forces (∼μN) are needed for a rapid pattern formation to occur
in PEN. Apparently, the first monolayers of water [78, 79], found naturally adsorbed
on the polymer film, is the first barrier that the ions from the tip face before rapidly
diffusing into the polymer film. Functionalizing the responsive polymer film with,
in turn, hydrophobic or hydrophilic layers would help to contrast this hypothesis.
In passing, the latter proposed experiment could also lead to the formation of the
thinnest line feature under DPN, for by writing on an hydrophobic-functionalized
responsive-material film, only the region in contact with the tip would create a richer
water content bridge for the hydronium ions to penetrate into the polymer network.
Certainly the thinnest line width would be determined by the diffusion of the ions
while inside the polymer; still, the degree of cross-link of the starting material poly-
mer film could be used to influence this diffusion, which offers another variable to
control the ultimate resolution in PEN.

To gain versatility on the PEN implementation, and with a perspective on appli-
cation for building memory devices (the reversibility of the PEN allowing the
implementation of memory level changes), it would be worth to explore the use
of solid state sources of protons [72, 80, 81]. Such an application could benefit
from current efforts for developing solid acid materials as electrolytes in fuel cells
[82, 83]. In that direction of technological applications, it would be worth to also
explore the implementation of PEN in a parallel format; that is, to develop capability
for fabricating many patterns at once. For this application, PEN can capitalize on the
fact that relatively strong forces are needed to fabricate the patterns, which provides
some leverage to implement a stamping type fabrication modality. For example,
metallic (master) features can be fabricated on a flat (glass) substrate, all of them
interconnected as to be able to apply a bias voltage. After spin-coating a layer of
buffer solution on the metallic master features, the resulting wet stamp would be
pressed against a P4VP film. By applying a bias voltage, the protonation would
be more effective on the regions defined by the metallic features, hence the pat-
terns from the master stamp will be replicated onto the polymer substrate by its
swelling reaction. Further, this methodology could become very versatile, since dif-
ferent metallic regions on the master stamp could be electrically addressed at will;
thus a given mask would be used for fabricating different patterns according to a
programmable voltage pattern.
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Finally, it is worth to point out that the intrinsic hydrogel nature of the P4VP
patterns fabricated with PEN constitutes an advantage in applications that involve
the replication of structures that closely mimic natural bio-environments. This capa-
bility is particularly relevant to a recent trend in research that conceives the cell not
only as a chemical factory but also as a sensitive mechanical device. Incidentally, it
has recently been reported that stem cells do not regenerate efficiently in vitro envi-
ronment unless the surrounding medium is made out of flexible gels [84]. Hence,
further developments on PEN should benefit the implementation of these attractive
bio-engineering applications.
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