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Fabrication of ultrathin films of polymers or polymer nanocomposites with precise
control of thickness and composition is of great interest due to a variety of possible
applications for optics and electronics. Several techniques have been reported in the last few
decades, amongst which are the Langmuir-Blodgett (LB) technique, self-assembled
monolayer (SAM) technique, and the layer-by-layer adsorption (LbL) of materials. Both the
LB and the SAM techniques are capable of assembling small organic molecules, polymers,
proteins and nanoparticles for optical and electronic devices as well as surface modification.
Both techniques provide ultrathin films of controlled thickness, composition and orientation.
The LB technique requires expensive instrumentation and is a laborious process. One of the
limitations of SAM assembly is the requirement of very specific substrates such as noble
metals for thiols, or silica or metal oxides for silanes.

A versatile technique for deposition of ultrathin films is the LbL assembly of materials,
as demonstrated by Decher and co-workers [1]. In the last two decades, this technique has
been widely adopted for the fabrication of nanostructures with tailored properties. The LbL
technique is attractive due to its simplicity and versatility. In most cases, the deposition can
be carried out from aqueous solution of molecules and polymers or suspensions of
nanoparticles on the bench top. LbL technique can be extended to create conformal coatings
on non-planar geometries including porous membranes, colloidal particles, fibers, living cells,
etc [2-4].

In general we can classify LbL techniques by the kind of interactions which dominate the
assembly process. Accordingly, the following distinct classes can be identified: (1)
electrostatically assembled multilayers from highly charged polycations, polyanions or
charged nanoparticles; (2) electrostatically assembled multilayers from partially charged
polyelectrolytes; (3) LbL multilayers where interactions such as hydrogen bonding play an
important role in adsorption; and (4) LbL multilayers produced via specific interactions, such
as biotin-avidin affinity binding. With the appropriate choice of these interactions, the
thickness and morphology of the films can be effectively controlled.

In the electrostatic LbL process, spontaneous sequential adsorption of oppositely charged
materials is carried out from dilute aqueous solutions on a charged substrate. During the
deposition process, an oppositely charged substrate is dipped in a solution of either a cationic
or an anionic polyelectrolyte (molecules or nanoparticles) for a certain period of time. If the
concentration of the charged species (i.e., polyelectrolyte) is sufficient, adsorption occurs
until there is a complete charge reversal at the surface. The process is then repeated with a
solution of either an anionic or a cationic polyelectrolyte.

Figure 1(a) shows a schematic diagram of the experimental procedure of adsorption in
LbL films. After adsorption of each layer, a simple washing step is performed to remove
weakly or nonspecifically bound polymers, molecules or particles adhering to the substrate.
Moreover, this step also prevents the contamination of the solution in the next dipping
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process. Automated systems can put together to facilitate the repetitive dipping steps for
multilayer deposition. Iterating the dipping cycles with alternating adsorption of polyanions
and polycations results in the stepwise growth of an ultrathin film. Since the process only
involves adsorption from solutions, in principle there are no restrictions with respect to
substrate size and shape. In most cases, the LbL deposition technique leads to a highly
interpenetrating structure of the cationic and anionic species, thereby yielding amorphous
films. However, in some cases appropriate adsorption conditions can also lead to orientational
order.
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Fig. 1. (a) Schematic of LbL assembly process, and chemical formulas of (b) PDAC, (c¢) PSS, (d) PAH,
(e) PAA and (f) H-PURET.

The majority of LbL films investigated in early years were made from highly charged
polyelectrolytes or strong polyelectrolytes such as (i) Poly (diallyldimethylammonium
chloride), PDAC (Fig. 1(b)), which is a commonly used strong cationic polyelectrolyte, and
(i) Polystyrene sulfonate (PSS) (Fig. 1(c)), which is an example of strong anionic electrolyte.
The degree of ionization of the strong polyelectrolytes does not change significantly with the
change in pH of the solution. Many weak polyelectrolytes have also been extensively used.
These include (i) Poly (allylamine hydrochloride), PAH (Fig. 1(d)), which is an example of a
weak cationic polyelectrolyte, and (ii) Poly acrylic acid (PAA), which is a weak anionic
polyelectrolyte (Fig. 1(e)). In weak polyelectrolytes, the degree of ionization varies
considerably with the change in pH. When a weak polyelectrolyte is used, the thickness of the
adsorbed material can be varied by an order of magnitude, depending on the experimental
conditions such as pH and the ionic strength.

Figure 1(f) shows the structure of a polyanion, hydrolyzed poly[2-(3-thienyl)ethanol
butoxy carbonyl-methyl urethane] (H-PURET), which is a semiconducting polymer based on
a functionalized thiophene monomer. It has been used extensively by our group for making
optical sensors. In the unionized form, polymers containing unionized acid and/or amine
groups may be adsorbed utilizing hydrogen-bonded interactions.

The LbL technique can be monitored and characterized by optical, electrical and surface
characterization techniques such as atomic force microscopy (AFM) and scanning tunneling
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microscopy (STM). UV-Visible absorption spectroscopy and ellipsometery are commonly
used to monitor the thickness of the layers.

The measured peak absorption of a single bilayer is shown in Fig. 2(left) as a function of
dipping time. The absorbance in this case saturates at a dipping time about 5 min. Figure
2(middle) shows the UV-Visible absorption spectra for the multilayers prepared by sequential
deposition of PDAC/H-PURET bilayers. Importantly, as shown in Fig. 2(right), the peak
absorption changes linearly with deposition cycles in a multilayer deposition process, which
signifies that the amount of material deposited for each layer is the same, and also confirms
the regular stepwise growth of the film.
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Fig. 2. (Left) Peak absorption of one bi-layer plotted against adsorption time, (middle) absorbance
spectra of PDAC/H-PURET multilayers, and (right) peak absorption of PDAC/H-PURET with number
of multilayers.

The technique of layer-by-layer adsorption is widely used to immobilize
photoluminescent indicators in polymer thin films as well as on the surfaces of electrospun
nano fibers for the fabrication of fluorescent chemical sensors [5]. The technique is also
exploited to make a diverse array of nanostructured materials such as freestanding submicron
thin films, nanotubes, and hollow capsules [6]. It is also extensively used to fabricate films
containing nanoparticles. By taking advantage of the charges on nanoparticles, the LbL
technique has been used to fabricate surfaces exhibiting either superhydrophobic or
superhydrophilic behavior [7].

The simplicity of the LbL technique makes it attractive for potential applications in many
areas of technological importance. Nucleic acid, proteins and viruses have been successfully
used as components to prepare LbL films [3]. The technique has been used to fabricate
oriented multilayer films of photoactive proteins [8] as well as to fabricate organic light-
emitting diodes, electrochromic devices, and photovoltaic devices [9, 10].

In conclusion, the LbL technique over the last two decades has become extremely
popular to create a wide variety of nanostructures and multilayer thin films with controlled
morphology and composition. We expect that the LbL technique will continue to find
applications in diverse areas such as medicine, surface modifications as well as optoelectronic
devices.
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